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PREFACE 


This  Final  Report  describes  work  performed  by  the  General  Electric 
Company,  Aircraft  Engine  Group,  for  the  Department  of  Transportation, 

Federal  Aviation  Administration,  on  the  GE  Core  Engine  Noise  Investigation 
Program  - Low  Emission  Engines  (DOT-FA75WA-3688) . The  Program  sought  to 
develop  and  further  core  engine  noise  technology  in  the  areas  of  combustor 
noise,  turbine  noise,  and  turbine  tone  Interaction  with  the  exhaust  Jet  flows. 


The  work  effort  was  performed  In  four  phases  as  follows: 


Phase  I 


Phase  II 


Phase  III  - 


Phase  IV  - 


GE  Low  Emissions  Combustor  Tests. 

Conduct  full-scale  component  and  engine 
combustor  tests,  utilizing  low  emission  designs. 

Including  provisions  In  the  component  tests  to  obtain 
acoustic  data  at  higher  than  ambient  discharge  pressures; 
conduct  model  tests  to  define  the  effect  of  core  nozzle 
exit  geometry  on  low  frequency  noise  directivity;  define 
relationships  between  emissions  and  noise  where  possible. 

Turbine  Tone/Jet  Interaction  Tests. 

Investigate  the  effects  of  jet  velocities,  tone  fre- 
quency, relative  location  of  fan/core  exhaust  planes, 
and  turbulence  properties  on  turbine  tone  modulation  by 
coannular  jet  streams. 

Turbine  Noise  Investigation. 

Conduct  acoustic  tests  of  a low  pressure  turbine  in  single 
and  multi-stage  configurations  to  determine  turbine  tone 
attenuation  by  downstream  stages,  and  the  broadband  noise 
generation. 

Noise  Prediction  Update. 

Update  and  expand  the  prediction  methods  developed 
under  Contract  DOT-FA72WA-3023. 


This  report  Is  complementary  to  the  five  volume  final  report  for 
DOT-FA72WA-3023: 


Volume  I - Identification  of  Component  Noise  Sources 

(FAA-RD- 74-125,  I). 


Volume  II 

Volume  III 


Identification  of  Noise  Generation  and  Suppression 
Mechanisms  (FAA-RD-74-125,  II). 


Prediction  Methods  (FAA-RD-125,  III). 
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SUMMARY 


This  program  was  directed  towards  elements  of  combustor  and  turbine 
noise;  the  latter  including  turbine  tone  interaction  with  Jet  stream  turbu- 
lence. The  overall  objectives  were: 

• Extend  understanding  of  combustor  noise  in  terms  of  power 
generated  and  directional  characteristics 

• Provide  quantitative  data  for  the  prediction  of  turbine  tone/ 
jet  interaction  noise 

• Establish  the  level  of  turbine  tone  attenuation  by  downstream 
turbine  stages  and  broadband  noise  generation 

• Where  possible,  establish  noise/emission  relationships 

• Update  the  core  engine  noise  prediction  developed  under  contract 
DOT-FA72WA-3023 

To  accomplish  these  objectives,  model,  component  and  engine  tests  were 
conducted  as  indentified  below.  The  results  of  these  tests  and  those  avail- 
able in  open  literature  were  utilized  to  refine  and  improve  the  existing 
prediction  method.  Finally,  a systems  study  was  conducted  to  provide  an 
example  of  how  the  results  of  this  program  and  D0T-FA72WA-3023  may  be  exploi- 
ted to  gain  fuller  understanding  of  the  problem  of  aircraft  noise  generation 
and  control. 


Combustor  (Core)  Noise 

Four  tests  were  conducted: 

(i)  Full-scale  component  test  of  the  best  Experimental  Clean  Combustor 
configuration  at  high  back  pressures  in  order  to  independently 
define  the  relationship  between  the  pertinent  cycle  parameters  and 
noise  generation. 

(ii)  Model  tests  of  a dual  flow  arrangement  with  simulated  combustor 
noise  generation  in  the  core  to  evaluate  the  effect  of  different 
core  nozzle  exhaust  geometry  on  the  farfleld  directivity. 

(ill)  Two  engine  tests,  one  a turbofan  and  the  other  a turboshaft,  both 
incorporating  designs  for  reduced  combustor  emissions,  in  order  to 
obtain  "clean"  combustor  noise  data. 

In  addition,  relationships  between  noise  and  emissions  were  studied,  in 
particular  to  assess  the  impact  of  various  emission  reduction  techniques  being 
employed  on  advanced  combustors  on  the  noise  generated  by  these  combustors. 

The  high  density  component  test  demonstrated  that  a velocity  term  was 
fundamental  to  the  combustion  noise  generation  process,  along  with  the  inlet 
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pressure  and  temperature,  and  temperature  rise.  The  spectrum  shape  obtained 
at  the  combustor  exhaust  was  in  agreement  with  that  obtained  by  the  prediction 
method,  however,  the  peak  was  shifted  to  higher  frequencies  (630  to  1000  Hz). 
The  difference  could  be  attributed  to  the  facility  internal  geometry,  trans- 
mission through  the  turbine  or  exhaust  nazzle,  or  to  the  low  emission  design. 
Only  an  engine  test  could  resolve  the  problem. 

The  dual  flow  model  tests  suggest  that  core  nozzles,  incorporating  high 
radius  ratio  plugs,  could  have  a small  beneficial  effect  on  core  noise.  An 
18-lobe  mixer  on  the  core  produced  the  lowest  farfield  levels  for  model  fre- 
quencies above  800  Hz  by  about  5 to  7 dB  in  the  forward  quadrant  and  2 to  4 
dB  in  the  aft  quadrant.  The  effect  was  attributed  to  the  reduced  character- 
istic dimension  (as  a ratio  of  the  incident  sound  wavelength).  The  benefit 
achieved  was  independent  of  the  velocity  or  velocity  ratio,  suggesting  that 
the  results  obtained  should  be  applicable  to  a range  of  engine  cycles.  The 
directivity  characteristics  of  the  various  configurations  appear  to  be  a 
function  of  the  frequency  but  largely  independent  of  the  velocity  ratio.  The 
lower  frequencies  exhibited  a directivity  pattern  peaking  near  the  jet  axis; 
the  peak  moved  to  120°  with  increase  in  frequency,  which  is  indicative  of 
combined  control  by  convection  and  refraction. 

The  turbofan  (CFM56)  engine  test  utilized  both  internal  and  farfield 
acoustic  measurements.  The  Internal  data  were  acquired  with  a special  low 
frequency  sound-separation  probe,  which  was  successfully  used  to  extract  the 
acoustic  levels  from  the  combined  turbulence  and  sound  signal.  The  probe 
data  was  also  utilized  to  obtain  that  part  of  the  signal  coherent  with  the 
farfield.  The  sound-separated  spectra  were  in  essential  agreement  with  the 
prediction  spectrum.  The  duct  sound  power  levels  were  5 to  6 dB  above  the 
farfield  levels,  a large  part  of  the  difference  being  attributed  to  a nozzle 
transmission  loss.  The  loss  mechanism  was  modeled,  and  an  analytical  pre- 
diction defined.  The  directivity  provided  by  the  fartield  coherence  data 
supported  the  model  directivity  results  in  that  the  same  frequency  dependence 
was  obtained. 

The  turboshaft  (T700)  engine  test  data,  which  consisted  of  farfield  high 
and  low  microphone  data,  provided  further  validation  of  the  core  noise  pre- 
diction method.  The  spectra  and  power  levels  were  in  essential  agreement 
with  prediction.  The  aft  quadrant  levels  matched  the  prediction  method 
directivity,  but  no  determination  could  be  obtained  in  the  front  quadrant  due 
to  contamination  by  water-brake  noise. 

Emissions  data  were  correlated  using  parameters  similar  to  those  for 
noise  generation,  and  it  was  found  that  the  lean-bum  emission  reduction 
techniques  currently  being  utilized  to  reduce  nitrogen  oxides  could  result 
in  Increased  noise  generation  due  to  larger  flow  velocities  through  the 
primary  combustion  zone.  The  engine  data  correlations  Indicate  that  emission 
indices  would  experience  relatively  larger  variations  than  would  combustor 
noise  with  change  in  cycle  conditions. 
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The  high  density  component  test  results  were  used  to  develop  a prediction 
method  for  combustor  noise  at  the  source.  The  same  correlation  was  found  to 
collapse  farfleld  data  from  ambient  back  pressure  component  tests,  thereby 
demonstrating  that  in-duct  near-field  measurements  are  representative  of  the 
noise  radiated  to  the  farfleld  by  combustors.  For  an  engine  operating  line, 
the  source  correlation  was  shown  to  be  similar  to  the  grouping  used  for 
engine  data  correlations  by  General  Electric.  However,  before  the  source 
noise  correlation  can  be  used  to  predict  engine  noise,  the  transmission  loss 
due  to  turbine  blade  rows  and  the  exhaust  nozzle  must  be  entered  separately. 
Analytical  modeling  of  both  mechanisms  suggests  significant  effects. 


General  Electric  component  and  engine  data  were  used  to  evaluate  other 
engine  core  noise  prediction  methods  available  in  open  literature  and  no 
adequate  collapse  could  be  achieved.  It  has  been  demonstrated  on  the  other 
hand,  that  the  prediction  method  of  FA72WA-3023  derived  from  General  Electric 
data  would  also  collapse  data  acquired  by  Garrett  AlResearch,  the  Boeing 
Company,  and  NASA-Lewis  Research  Center.  This  prediction  method  was  updated 
to  accommodate  the  directivity  frequency  dependence  indicated  by  the  model 
and  engine  tests. 


Turbine  Noise 


Two  test  series  were  conducted: 

(1)  Turbine  tests  utilizing  a three  stage  low  pressure  rig  in  a single 
stage  and  a multi-stage  configuration  in  order  to  determine  the 
turbine  noise  attenuation  by  downstream  blade  rows^  and  the  broad- 
band noise  generation. 

(ii)  Model  tests  of  a dual  flow  arrangement  with  simulated  turbine  tone 
generation  in  the  core  in  order  to  enhance  the  understanding  of 
turbine  tone/jet  stream  interaction.  A secondary  objective  was  to 
determine  the  directivity  of  high  frequency  tones  for  coannular 
flows. 

The  turbine  tests  showed  that  there  was  a very  large  insertion  loss 
associated  with  turbine  blade  rows  applying  both  to  broadband  and  discrete 
frequency  sound.  The  loss  for  tones  was  correlated  with  aerodynamic  and 
acoustic  parameters  and  was  tound  to  be  controlled  largely  by  the  wheel  speed, 
and  to  involve  the  tone  frequency  and  tip  mach  number.  The  work  extraction 
and  incidence  angle  were  found  to  be  secondary  parameters. 

The  turbine  broadband  noise  levels  were  extracted  using  the  sound- 
separation  technique  developed  by  General  Electric.  The  single  and  three 
stage  configuration  spectra  were  found  to  be  quite  different;  the  former 
exhibiting  a pronounced  peak  at  the  blade  passing  frequency  location  for 
operating  conditions  near  design  point.  At  far  off-design  conditions,  the 
spectrum  flattened  out  due  to  shift  of  energy  towards  the  second  harmonic  of 
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I the  tone.  These  trends  are  similar  to  those  noted  for  engine  data  in  FA72WA- 

f 3023.  The  overall  power  levels  for  the  broadband  noise  were  found  to  corre- 

[ late  with  the  pressure  ratio  and  either  the  relative  velocity  into  the  rotor 

r ; or  tip  speed. 

i The  dual  flow  model  tests  indicated  that  both  shear  layers  participate 

! in  the  scattering  process.  It  was  found  that  a turbulence  eddy  size  ap- 

I proachlng  the  incident  tone  wavelength  was  essential  to  the  onset  of  this 

f mechanism,  and  the  dependence  on  the  tone  frequency  was  explicitly  extracted 

i for  frequencies  beyond  this  point.  The  absolute  distance,  rather  than  a mul- 

tiple of  fan  diameter,  between  fan  and  core  exhaust  planes  was  found  to  be 
the  Important  dimension.  Increasing  the  turbulence  level  through  vortex 
generators  significantly  Increased  the  scattering,  but  only  over  a limited 
range  of  frequencies,  velocities  and  farfleld  angles. 

A configuration  with  the  fan  shroud  extended  half  a fan  diameter  aft  of 
the  core  exhaust  plane  produced  the  least  amount  of  discernible  haystacking. 

It  also  resulted  in  a directivity  shift  towards  the  side-line,  in  the  form  of 
a second  lobe  near  90°.  The  other  configurations  gave  "conventional"  turbine 
tone  directivity  shapes,  with  a single  peak  at  120°. 

The  turbine  noise  methods  were  updated  to  incorporate 'the  significant 
results.  It  is  Interesting  to  observe  that  the  attenuation  due  to  downstream 
blade  rows  can  more  than  compensate  for  the  additional  noise  sources  assocl-  i 

ated  with  the  downstream  stages.  Consequently,  even  while  additional  stages 
increase  the  work  output,  the  net  noise  radiated  can  decrease,  as  was  demon- 
strated during  the  turbine  tests. 
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Systems  Study 

The  prediction  methods  developed  in  the  Core  Engine  programs  were  exer- 
cised in  a systems  study  to  establish  the  component  and  engine  noise  levels 
for  current  and  future  cycles  of  Interest.  The  magnitude  of  the  major 
sources  was  presented  in  the  form  of  bar  charts  providing  the  PNL  at  the  max 
forward  and  aft  angles,  along  with  the  EPNL  for  an  aircraft  system  incorpora- 
ting the  engine  under  consideration.  The  value  of  such  bar  charts  is  in 
helping  determine  the  optimal  application  of  source  reduction  and  suppres- 
sion, and  in  accurately  assessing  the  Impact  of  component  design  changes  and 
cycle  variations  on  the  systems  noise. 

The  systems  study  indicated  tt\at  turbine  noise  was  a significant  factor 
for  both  current  and  advanced  engines,  particularly  for  CTOL  aircraft.  There 
was  an  obvious  need  for  precise  prediction  of  turbine  noise  levels 
for  present  engines  for  the  reasons  explained  in  the  preceding  paragraph. 
Advanced  engines,  such  as  envisaged  in  the  Energy  Efficient  Engine  program, 
would  require  about  5 PNdB  turbine  source  noise  suppression. 

The  knowledge  of  the  relative  levels  of  combustor  and  jet  noise  allows  a 
realistic  determination  of  relative  velocity  effects  on  jet  noise.  It  was 
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found  that  combustor  noise  was  not  a problem  for  current  cycles  because  the 
Jet  and  fan  noise  levels  are  fairly  high.  However,  the  study  showed  that  It 


f would  be  a problem  for  other  engine  cycles  where  jet  noise  levels  are  de- 

^ pressed,  such  as  for  STOL  and  turboshaft  engines  with  quiet  rotors.  Duct 

i burners  could  also  present  a combustor  noise  problem  due  to  lack  of  turbine 

attenuation  due  to  excitation  of  duct  resonances. 

[ 

^ The  Impact  of  the  increased  combustor  noise  associated  with  low  emission 

[ combustors  on  the  engine  levels  was  found  to  be  very  small  for  current  cycles. 

[ However,  this  factor  must  be  kept  In  mind  for  future  applications. 

Finally,  significant  benefits  derived  from  the  program  and  recommen- 
I dations  for  future  work  are  discussed.  The  principal  recommendations  based 

on  present  and  future  systems  requirements  are  for: 

^ • Turbine  source  noise  control  work 

[ • Completion  of  the  elemental  investigation  of  core  engine  noise 

} in  which  source,  transmission,  radiation  and  propagation  effects 

' are  considered  separately.  The  latter  would  Include  inflight 

s effects. 
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NOMENCLATURE 

area 

exhaust  nozzle  area  ratio  (fan/core) 

nozzle  radius 

number  of  blades 

blade  passing  frequency 

bypass  ratio  (fan/core) 

jet  shear  layer  thickness 

coefficient  of  specific  heat  at  constant  pressure 

acoustic  velocity 

diameter 

directivity  Index 
extra  ground  attenuation 
effective  perceived  noise  level 
frequency  ' 

fuel-air  ratio 
Incident  tone  frequency 
spectrum  peak  frequency 
gravitational  constant 
enthalpy 

heating  value  of  fuel 
Incidence  angle 
mechanical  equivalent  of  heat 
constant 

wave  number,  2Tr/X  “ (d/c 

distance  between  fan  and  core  exhaust  planes 
chord 

turbulence  eddy  size 
Mach  number,  V/c 
haystack  slope 
speed  In  rpm 
fan  speed 

xl 


OAPWL 

OASPL 


NOMENCLATURE  (continued) 

overall  sound  power  level 
overall  sound  pressure  level 
total  pressure 
pressure  ratio 
perceived  noise  level 
acoustic  power  level 
static  pressure 

stoichiometric  heat  of  combustion 
gas  constant 
Reynolds  number 
sideline 

sound  pressure  level 

axial  spacing  between  blade  rows 

total  temperature 

transmission  loss 

blade-to-blade  pitch 

blade  physical  speed 

volume 

velocity 

gas  velocity  relative  to  rotor 
exhaust  velocity  ratio  (fan/core), 
weight  flow  rate 

axial  distance  downstream  of  nozzle  exit  plane 
ratio  of  specific  heats 
difference  or  attenuation 

drop  in  tone  narrowband  SPL  due  to  haystacking 

ratio  of  flight  to  fan  jet  velocity 

angle  from  inlet 

wave  length 

3.14159 

density 


NOMENCLATURE  (concluded) 


pc 

♦ 

w - 

Subscripts 


core 

fan 

max 

mean 

P 


Ref 

stage 

T 

t 

o 
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acoustic  Impedance 

equivalency  ratio:  actual  to  stoichiometric  fuel^^alr  ratio 
angle  from  Jet  axis 
circular  frequency,  2irf 

nominal  value  of  core  jet  parameter 
nominal  value  of  fan  jet  parameter 
maximum  value 
mean  value 
pitch-line  value 

value  at  reference  conditions,  reference  parameter 
value  for  given  stage 
tip  value 

value  for  turbulent  eddies 
reference  or  ambient 
conditions  at  fan  nozzle  exit  plane 
conditions  entering  combustor 
conditions  at  combustor  exit 
conditions  at  turbine  exit 
conditions  at  core  nozzle  exit  plane 


xiil 


SECTION  1.0 


INTRODUCTION 


The  development  of  the  high  bypass  turbofan  engine  has  resulted  in 
substantial  reduction  in  the  noise  produced  in  the  vicinity  of  airports.  The 
current  fleet  of  wide-body  jets  meets  FAA  regulation  FAR-36(1969)  but 
considerable  work  remains'  to  be  accomplished  in  order  to  further  improve 
community  acceptance. 

The  quiet  fan  installations  associated  with  turbofan  engines  such  as 
the  CF6,  JT9D,  and  RB211  focused  attention  on  the  core  engine  noise  com- 
ponents. Contract  DOT-FA72WA-3023,  Core  Engine  Noise  Control  Program,  was 
oriented  directly  toward  advancing  the  acoustic  technology  consistent  with 
current  and  future  noise  abatement  objectives.  A basic  understanding  of  the 
relationships  between  core  engine  noise  generation  and  reduction  mechanisms 
and  the  engine  design  was  sought  so  that  the  technology  developed  would  be 
applicable  to  a wide  variety  of  engine  types  varying  over  a broad  range  of 
geometric  and  aerodynamic  characteristics.  The  work  utilized  and  built  upon 
the  considerable  amount  of  General  Electric  experience  and  acoustic  data 
accumulated  in  the  development  of  a wide  range  of  engine  systems.  The  exist- 
ing data  permitted  the  Identification  and  ranking  of  the  significant  core 
engine  noise  sources.  A balanced  theoretical  and  experimental  program  was 
then  carried  out  on  the  most  critical  sources  of  noise  in  an  engine  core. 
Combining  the  above  studies  with  the  results  of  data  correlations  for  various 
engine  systems  provided; 

• A core  engine  noise  prediction  base  for  future  technology  aircraft 
engines. 

• An  improved  understanding  of  the  source  mechanisms  and  an  evalu- 
ation of  the  effectiveness  of  source  noise  reduction  approaches. 

Although  the  prediction  methods  developed  during  that  effort  represented 
the  then  current  state-of-the  art,  several  Important  extensions  of  that  work 
were  identified.  Those  extensions  fell  into  two  categories: 

1.  Efforts  to  Increase  the  range  of  applicability  of  the  methods. 

2.  Efforts  to  verify  trends  previously  observed  or  predicted. 

The  current  work  addresses  these  two  areas  in  a multi-faceted, 
integrated  program  for  turbine  and  combustor  (core)  noise.  The  elements 
of  the  turbine  noise  investigation  Include  broadband  noise  generation, 
the  attenuation  of  turbine  tones  by  downstream  blade  rows,  and  the  phenomenon 
of  scattering  of  discrete  frequency  noise  by  jet  stream  turbulence.  The 
elements  of  the  combustor  noise  investigation  Include  parametric  study  of 
the  significant  variables,  the  effect  of  nozzle  geometry  and  velocities 
on  low  frequency  noise  directivity,  advanced  engine  tests,  and  emissions/ 
noise  relationships. 
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SECTION  2.0 


COMBUSTOR  NOISE 


BACKGROUND 


Studies  of  advanced  aircraft  propulsion  systems  Indicate  that  combustor 
noise  is  a potential  Contributor  to  overall  system  noise.  This  Is  especially 
true  for  propulsion  systems  employing  advanced  acoustic  treatment  and  mixed 
flow  exhaust  systems  for  jet  noise  reduction.  The  Initial  Core  Engine  Noise 
Control  Program  (Reference  1)  made  significant  gains  towards  the  understan- 
ding of  combustor  noise  by  providing  a data  base  which  could  be  used  for 
development  of  a prediction  technique.  Although  the  prediction  methods 
developed  during  that  effort  represented  state-of-the  art  technologv.  four 
areas  were  identified  which  confirm  and  expand  upon  the  work  done  under  the 
earlier  program: 

1.  A parametric  study  of  an  advanced  low  emission  combustor  to 
independently /define  the  relationship  of  various  cycle  para- 
meters identified  in  Reference  1,  to  combustor  noise  generation. 

2.  A model  test  to  evaluate  the  effect  of  exhaust  nozzle  geometry  on 
farfield  radiation  of  low  frequency  noise.  This  study  was  suggested 
by  the  analysis  of  engine  data  conducted  under  Contract 
DOT-FA72WA-3023. 

3.  The  acquisition  of  data  on  advanced  turboshaft  and  turbofan  engines 
featuring  reduced  emission  combustors  to  extend  the  data  base. 

4.  A study  of  the  relationship  between  noise  and  emissions.  This 
aspect  of  the  program  Is  significant  In  view  of  the  ever  Increasing 
concern  over  environmental  Impact  of  the  jet  aircraft  fleet. 

In  particular,  it  is  vital  to  assess  the  Impact  on  noise  of  various 
emission  reduction  techniques  being  employed  on  advanced 
combustors  which  will  be  used  in  future  generation  aircraft  power- 
plants. 


2.2  INTERNAL  DENSITY/PARAMETRIC  TESTS 


2.2.1  Objectives 


The  objective  was  to  independently  establish  the  dependence  of  the 
combustor  roise  on  the  pertinent  performance  parameters  - Inlet  temperature. 
Inlet  pressure,  flow  rate,  and  temperature  rise.  Such  a trend  is  obviously 
impossible  to  determine  from  engine  tests,  even  If  It  were  assumed  that  clean 
data  could  be  acquired  for  the  combustor  noise  levels. 
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Outdoor  component  tests  run  during  DOT-FA72WA-3023  Indicated  approximately 
a third  power  dependency  of  combustor  noise  on  the  flow  velocity.  However, 
since  the  combustor  exhausted  directly  to  the  atmosphere,  the  inlet  pressure 
could  not  be  varied  independently.  Also,  there  was  some  uncertainty  whether 
the  combustion  process  at  the  ambient  conditions  was  representative  of  that 
occuring  in  engines,  where  the  inlet  density  is  much  higher.  A secondary 
objective  then  was  to  establish  the  validity  of  atmospheric  tests  for  com- 
bustor noise  generation. 

Finally,  since  the  measurements  were  to  be  made  internally  with  wave- 
guide probes,  a comparison  with  farfield  noise  data  would  demonstrate  the 
adequacy  (or  inadequacy)  of  using  internal  measurements  to  represent  the 
sound  radiated  to  the  farfield.  If  the  comparison  was  favorable,  then  the 
NASA  Experimental  Clean  Combustor  data  (all  acquired  with  probes)  could  be 
used  to  study  noise/emission  relationships  (see  Section  2.3). 

2.2.2  Test  Description 


Combustor  noise  measurements  were  taken  in  a full-scale  annular  high 
^ pressure  combustor  test  rig.  The  rig  was  capable  of  testing  combustors  over 

S an  inlet  pressure  range  of  2.3  to  9.6  atmospheres  and  inlet  temperature  range 

of  600®  R to  1500®  R.  A cross  section  of  the  rig  is  shown  in  Figure  2.2-1. 

I Upstream  of  the  combustor  were  straightening  screens  to  Insure  uniform  flow 

{ into  the  combustor.  Aerodynamic  instrumentation  was  located  downstream  of 

the  combustor.  Air  was  supplied  from  five  radial  compressors  and  was  pre- 
heated to  desired  inlet  test  conditions  by  an  indirect  heater  located  up- 
stream of  the  combustor. 


The  double  annular  combustor  used  for  this  test  was  the  final  (full 
scale)  configuration  of  the  Experimental  Clean  Combustor  Program  (Reference 
2).  A schematic  of  the  combustor,  designated  D13,  is  shown  in  Figure 
2.2-2  and  some  design  parameters  in  Table  2.2-1.  The  D13  double  annular 
combustor  consisted  of  two  annular  rows  of  swlrlers  separated  by  a flame 
shield.  The  air  swirlers  consisted  of  primary  air  swirl  venturi  castings  with 
a counter-rotating  concentric  secondary  air  swirler.  This  configuration  used 
simplex  fuel  nozzles,  with  no  air  shroud,  located  in  the  center  of  each  air 
swirler.  Figure  2.2-3  shows  some  details  of  the  D13. 


Data  were  measured  at  two  axial  planes  in  the  combustor  test  rig.  Plane 
3.0  was  upstream  of  the  combustor  and  represented  the  plane  of  the  compressor 
discharge  in  an  engine.  Plane  3.9  was  the  exit  plane  of  the  combustor. 

Figure  2.2-4  shows  a schematic  of  the  set-up.  Aerodynamic  Instrumentation  at 
planes  3.0  and  3.9  measured  total  pressures  and  temperatures 

Acoustic  wave  guide  probes  were  used  to  measure  the  combustor  noise.  A 
semi-infinite  or  pc  termination  was  used  to  eliminate  the  possibility  of 
standing  waves  in  the  probe.  The  upstream  probe  is  shown  schematically  in 
Figure  2.2-5.  The  downstream  probe  was  similar  to  the  upstream  probe, 
except  that  it  was  water  cooled,  this  probe  is  shown  in  Figure  2.2-6. 


i 


3 


Both  probes  were  calibrated  for  dynamic  pressure  losses  In  a probe  cali- 
bration facility.  The  measured  losses  were  within  IdB  of  the  predicted  probe 
losses  using  the  Iberall  method.  The  1 /3-octave  bano  prone  attenuation 
corrections  for  both  probes  are  listed  in  Table  2.2-2. 

Pressure  transducers  (Kulltes)  were  used  instead  of  microphones  due  to 
the  extreme  heat  surrounding  the  test  rig.  Low  noise  amplifiers  were  used  to 
amplify  the  output  signal  prior  to  recording  the  data  on  an  FM  tape  recorder. 
Figure  2.2-7  shows  a schematic  of  the  electrical  set-up. 

The  test  matrix  (Table  2.2-3)  was  selected  so  that  the  air  flow  rate, 
inlet  temperature  and  inlet  pressure  were  varied  Independently  in  order 
to  determine  their  effect  on  the  sound  power  level.  Earlier  experience  had 
already  shown  (Reference  3)  that  the  sound  power  level  is  a function  of  the 
fuel-air  ratio,  or  the  temperature  rise,  to  the  first  power.  Therefore,  only 
sufficient  variations  in  fuel-air  ratio  were  performed  to  verify  these 
trends. 


2.2.3  Test  Results 

Data  were  acquired  for  the  test  matrix  shown  in  Table  2.2-3,  except  for 
point  number  3,  where  a steady  state  could  not  be  maintained.  The  1/3- 
octave  bano  sound  pressure  levels  from  31.5  to  10,000  Hz,  and  the  calculated 
overall  level  for  each  point  are  listed  in  Appendix  A.  The  measured  aero- 
dynamic data  and  the  emissions  levels  of  CO,  HC  and  NO^  can  be  found  in  Table 
2.2-4. 


2.2.4  Data  Analysis 


Some  typical  spectral  shapes  are  shown  in  Figures  2.2-8  and  2.2-9. 
Typically,  the  downstream  probe  spectrum  started  with  an  aerodynamic 
tier turbat ion  peak  at  31  and  63  Hz,  because  of  lt;s  placement  in  a high  tur- 
bulence area,  moving  to  a major  sound  peak  between  630  and  1000  Hz.  Some- 
times, a secondary  peak  occurred  near  4000  Hz  for  this  probe.  However,  the 
upstream  probe  rarely  displayed  the  low  frequency  aerodynamic  peak,  which  was 
only  to  be  expected.  Surprisingly,  though,  the  secondary  peak  near  4000  Hz 
was  not  evident  in  the  upstream  spectra,  which  suggests  that  only  the  major 
hump  between  630  and  1000  Hz  represents  true  sound.  Early  measurements  in 
this  rig  (Reference  4)  showed  a large  increase  in  the  levels  when  the  flame 
was  lit,  as  opposed  to  no-flame  points,  thereby  providing  further  validation 
that  these  were  the  true  sound  levels. 


The  shape  of  the  major  hump  agrees  closely  with  the  spectrum  shape  found 


for  engine  related  core  noise  except  the  peak  frequency  occurred  between  630 
and  1000  Hz,  rather  than  at  400  Hz  (Reference  1).  Figure  2.2-10  shows  a 
comparxsou  of  the  measured  data  and  the  spectral  shape  used  for  engine  pre- 
dictions. This  difference  in  peak  frequency  may  be  attributable  to  the 
effect  of  turbine  and  exhaust  nozzle  attenuation  or  to  the  physical  termina- 
tion differences  between  the  rig  and  actual  engines. 
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The  OAPWL  was  calculated  for  each  test  point  using  the  following  re- 
lationship to  account  for  flow  Mach  number,  specific  Impedance  and  area 
(Reference  1):  p 

OAPWL  - OASPL  + 10  log(l4M)^+10 

(2.2-1) 

where  A Is  the  annular  exit  area  In  square  feet,  p and  t are  the  static  pres- 
sure and  temperature,  the  subscript  o denoting  standard  day  conditions,  and  M 
the  Mach  number. 

It  is  desirable  to  use  readily  available  engine  cycle  parameters  for 
predicting  combustor  noise  for  aircraft  engines.  Such  parameters  Include 
combustor  Inlet  total  temperature  and  pressure,  weight  flow,  and  temperature 
rise  across  the  combustor.  The  test  data  were  Input  to  a linear  multiple 
regression  computer  program,  assuming  the  variables  to  be  T_,  P_,(T,  - T_) 
and  U.  The  result  was  ^ 

OAPWL  -93+10  log[W(T^-T2)VfJ];  dB  re:  10“^^watts  (2.2-2) 

where  W is  the  combustor  air  flow  In  Ib/sec,  (T^-T3)  Is  the  temperature  rise 
in  ® R andT3  Is  the  combustor  Inlet  temperature  in  ® R.  However,  the 
parametric  trends  Indicated  by  plotting  the  noise  variation  with  the  Individual 
changes  in  pressure,  temperature,  and  weight  flow  were  very  different,  as  is 
shown  in  Figures  2.2-11,  -12,  and  -13  respectively: 

T 2 _ 

Parametric  OAPWL  « 10  log[— ^ ^ W^  3 at  constant  (T^-T^) 

^3 

The  fact  that  the  functional  relationships  were  found  to  be  different, 
depending  on  whether  the  observed  Individual  parametric  trends  or  a multiple 
regression  analysis  was  used  suggests  that  the  relationship  Is  over-specified 
by  this  choice  of  parameters  ana  that  one  of  these  quantities  is  not  truly 
Independent.  The  multiple  correlation  analysis  assumes  independent  variables 
are  supplied. 

The  weight  flow  rate  term  Includes  a density  and  a velocity  specifica- 
tion. Since  the  inlet  temperature  and  pressure  also  Influence  the  density. 

It  would  be  logical  to  replace  (}  by  a reference  velocity  • It  appears 

that  this  substitution  Is  the  key  to  the  problem  as  now  the  multiple  regres- 
sion analysis  and  the  parametric  trends  yield  the  same  functional  relation- 
ships. 

The  multiple  regression  analysis  gives  the  following  fit  with  a standard 
deviation  (o)  of  1.1  dB: 

OAPWL  - 10  logfP^^'^^T^"^*^^  '^ref^  (2.2-3) 

re:  lo”^^  Watts 


5 


w. 


where  V 


Ref 


^3 


ef 


ef 


4.01  ft^  (.373  m^) 


Rounding  off  the  exponents,  this  yields,  as  is  shown  in  Figure  2.2-14,  a a of 
1.2  dB: 

OAPWL  = 10  log  [(P3/T3)‘-'^  \ef^*^  ^"^4  " ’’3^  ^ (2.2-4a) 

-13 

re:  10  Watts 

or,  in  terms  of  the  inlet  density  (P3) : 

OAPWL  = 10  log[P3^-^  ^’’4  ' "^3^  ^ constant  (2.2-4b) 


The  parametric  results  give  exactly  the  same  trends  as  equation  (2.2-4a). 
For  example,  the  exponent  on  the  velocity  term  is  given  by  Figure  2.2-15. 
Since  P3  and  T3  were  held  constant  for  each  pair  of  points,  the  parameter 
varied  was  really  V^gf.  Alternately,  in  order  to  use  all  the  D13  data, 
normalizing  for  P3  and  T3,  the  exponent  on  Vj^g£  is  given  by  the  slope  in 
Figure  2.2-14,  which  is  approximately  3.5. 

The  parametric  variations  of  T3  and  P3  were  conducted  at  constant  Q. 
However,  since  V^gf  varied  along  with  either  T3  or  P3,  It  is  first  necessary 
to  normalize  for  Vggf  to  determine  the  correct  exponents  on  T3  and  P3.  This 
is  shown  in  Figures  2.2-16  and  -17.  The  desired  exponents  are  giver  by  the 
slopes  of  the  paired  points  and  indicate  the  dependence  is  roughly  P3  and 
This  exercise  illustrates  that  the  correct  flow  rate  term  required  in 
a'^combustor  noise  correlation  is  the  velocity,  not  the  weight  flow.  A 
separate  size  correction  is  needed  to  proceed  from  the  D13  correlation  to 
other  combustors.  The  conventional  correction  is  an  area  term,  and  it  is 
logical  to  add  the  reference  area  (^^gj  )»  which  gives: 


OAPWL  « 10  log[p3^*^  A^g^  ^^4  " "^3^^ 

OAPWL  =10  los[w  (T^  - constant 


(2.2-5) 
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Hence,  physically,  the  noise  generated  is  proportional  to  the  incoming 
kinetic  energy,  the  potential  energy  added,  and  the  square  root  of  Che  inlet 
volumetric  flow  rate. 

Equations  (2.2-4  and  5)  are  in  good  agreement  with  component  correlations 
published  recently  by  other  researchers.  For  example,  based  on  both  analy- 
tical modeling  and  combustor  results,  Strahle  and  Shlvshankara  (Reference  5) 
concluded  Chat: 


OAPWL 


10  logI;f^  (D^)  (T^  - T3)] 


(2.2-6) 


2.2.5  Summary  and  Conclusions 

The  significant  results  of  the  acoustic  data  analysis  may  be  summarized 
as  follows: 

• A velocity  term  is  more  fundamental  to  the  combustion  noise  genera- 
ratlon  process  than  is  the  weight  flow.  The  parametric  tests  show 
that  the  sound  power  generated  is  proportional  to  the  inlet  density 
to  the  1.5  power,  the  reference  velocity  to  the  3.5  power,  and  the 
temperature  rise  to  the  first  power  for  the  D13  Double  Annular 
Combustor.  When  a size  correction  is  Included,  the  sound  power  is 
seen  to  be  a function  of  the  incoming  kinetic  energy,  the  potential 
energy  addition  by  the  fuel.,  and  the  square  root  of  the  volumetric 
flow  rate. 

• The  spectrum  shape  observed  is  in  good  agreement  with  the  shapes 
Indicated  by  engine  data,  however,  the  peak  is  shifted  to  higher 
frequencies  (630  to  1000  Hz  instead  of  400  Hz).  The  difference 
could  be  due  to  the  transmission  through  turbine  blade  rows  or  the 
core  nozzle,  but  is  more  likely  due  to  the  physical  differences 
between  this  combustor  and  engines  - including  the  internal  geom- 
etry and  exit  plenum  conditions. 
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Table  2.2-2  Tabulation  of  Waveguide  Probe  Attenuation 


Frequency 

Upstream 

Waveguide 

Probe 

Downstream 
Watei^  Cooled 
Waveguide  Probe 

31.5 

0.30 

2.0 

40 

0.34 

2.1 

50 

0.38 

2.1 

63 

0.43 

2.1 

80 

0.48 

2.2 

100 

0.54 

2.3 

125 

0.^ 

2.3 

160 

0.68 

2.4 

200 

0.76 

2.5 

250 

0.85 

2.6 

315 

0.96 

2.7 

400 

1.07 

2.9 

500 

1.20 

3.0 

630 

1.35 

3.2 

800 

1.51 

3.4 

1000 

1.70 

3.6 

1250 

1.91 

3.9 

1600 

2.14 

4.3 

2000 

2.40 

4.8 

2500 

2. .69 

5.3 

3150 

3.02 

6.0 

4000 

3.39 

6.7 

5000 

3.80 

7.3 

6300 

4.27 

8.3 

8000 

4.79 

9.2 

10000 

5.37 

10.3 

Frequency  in  Hz,  Attenuation  in  dB 
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2.2-4  Cross-Section  of  Experimental  Clean  Combustor  Test  Rig  Showing  Acoustic  Probe  Locations 


• = 42.2  PSIA  (290.96  kN./m.) 
•13=  1474°  R (819°  K) 

• f/a  = 0.0238 

• ft  = 20.3  Ibm./sec.  (9.21  kg./s.) 
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Frequency,  KHz 

• P3  = 42.0  PSIA  (289.58  kN./m?) 

• T3  = 1476°  R (820°  K) 
f/a  = 0.0240 

• ft  = 24,3  Ibm./sec.  (11.0  kg./s.) 


Frequency,  KHz 


Figure  2.2-8  Typical  Upstream  and  Downstream  Acoustic  Probe  Measured 
Combustor  Spectra  fo-r  Low  Air  Flow  Conditions 
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• = 140.1  PSIA  (965.96  kN  /m^) 

•13=  997®  R (554®  K) 


.31  .63  .125  .25  .5  1248 

Frequency,  KHz 

• P3  = 139.9  PSIA  (964.58  kN  lx&) 

• T3  = 1470.7®  R (817®  K) 

• f/a  = 0.0242 

• W,  . v=  79.8  Ibm/sec  (36.2  kg/s) 

(air) 


Figure  2.2-9  Typical  Upstream  and  Downstream  Acoustic  Probe  Measured 
Combustor  Spectra  for  High  Air  Flow  Conditions 
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Figure  2.2-10  Comparison  of  Measured  Spectrum  to  Prediction  Spectrum 
for  Low  and  High  Air  Flow  Conditions 
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Figure  2.2-16  The  Parametric  Dependence  of  Combustor  Noise  on  Inlet  Pressure 


Inlet  Temperature 
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2.3  LOW  FREQUENCY  NOISE  DIRECTIVITY  TESTS 
2.3.1  Oblectlves 

The  primary  objective  of  this  task  was  to  determine  the  impact  of  core 
exhaust  nozzle  geometry  on  low  frequency  farfield  directivity.  Five  differ- 
ent nozzle  configurations  were  evaluated;  four  separate  flow  and  one  mixed 
flow.  Effects  of  nozzle  geometry  were  also  evaluated  in  terms  of  determining 
which  configuration  produced  the  lowest  levels  in  the  forward  quadrant  and 
the  variation  in  farfield  directivity  with  frequency. 


2.3.2  Test  Description 

The  tests  were  conducted  at  General  Electric's  Jet  Engine  Noise  Outdoor 
Test  Stand  (JENOTS)  facility  located  in  Evendale,  Ohio.  JENOTS  is  a dual 
flow  acoustic  test  facility,  including  an  acoustically  treated  plenum  (Figure 
2.3-1),  which  absorbs  upstream  piping,  valve,  and  combustor  noise.  The  range 
of  conditions  under  which  the  facility  operates  are: 


Minimum 

Maximum 

Bypass  Ratio 

0 

15 

Fan  Temperature  (°R) 

ambient 

ambient 

Core  Temperature  (“R) 

ambient 

1600  (890“  K) 

Fan  Pressure  Ratio 

1.05 

3.5 

Core  Pressure  Ratio 

1.05 

4.0 

Fan  Weight  Flow  (lb /sec) 

0 

30  (13.6  kg/sec) 

Core  Weight  Flow  (Ib/sec) 

0 

30  (13.6  kg/sec) 

A detailed  description  of  the  facility  characteristics,  including  acoustic 
validation,  can  be  found  in  Reference  1. 

A total  of  five  different  nozzle  configurations  were  tested  under  this 
phase  of  the  program.  These  configurations  are  shown  schematically  in  Figure 
2.3-2.  Configuration  No.  1 has  an  Internal  centerbody  core  nozzle,  while 
Configuration  No.  2 has  an  external  plug  core  nozzle.  Configuration  No.  3 is 
typical  of  exhaust  systems  for  high  bypass  turbofans,  e.g.  CF6-50,  as  is 
Configuration  No.  4,  except  that  No.  4 has  an  extended  core  nozzle  conical 
plug.  Configuration  No.  5 is  an  18-lobe  Internal  forced  mixer  typical  of 
proposed  exhaust  systems  for  future  high  bypass  turbofan  engines.  The  basis 
for  the  separate  flow  nozzle  configurations  was  to  ensure  a sufficient  vari- 
ation in  plug  geometry  such  that  any  effect  on  farfield  low  frequency  noise 
directivity  would  be  discernible.  The  configurations  chosen  represent  the 
spectrum  of  core  exhaust  nozzles  currently  in  use  for  high  bypass  turbofan 
engines  and  those  proposed  (l.e.,  mixer)  for  future  use. 

Figure  2.3-4  shows  a typical  test  configuration  set-up  at  the  JENOTS 
test  facility.  The  low  frequency  source  was  simulated  by  means  of  siren 
tones  Injected  into  the  core  stream  just  aft  of  the  plenum  chamber  through  a 
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( one -inch  (2.54  cm)  tube.  The  tube  entered  the  core  section  obliquely  to 

maximize  the  termination  area,  thus  reducing  transmission  loss  at  the  Inter- 
face (Figure  2.3-5).  The  siren  Itself  was  encased  In  an  acoustically -treated 
case  to  prevent  contamination  of  the  farfleld  data.  Siren  tones  from  125  to 
1875  Hz,  Including  fundamentals  and  harmonics,  were  generated  at  each  power 
setting.  The  power  level  of  the  siren  was  monitored  by  a pressure  transducer 
located  Just  downstream  of  the  siren  tube  exit  port.  The  siren  tone  levels 
were  In  excess  of  190  dB. 

Each  of  the  five  configurations  were  tested  at  the  nominal  conditions 
listed  In  Table  2.3-1.  These  conditions  encompassed  the  range  of  velocities 
encountered  at  approach  and  takeoff  power  settings  for  current  and  advanced 
high  bypass  turbofan  engines  such  as  the  CF6,  TF34,  JT9D  and  CFM56. 

The  data  acquisition  system  consisted  of  farfleld  microphones  located  on 
a 20 -ft  (6.1m)  arc  centered  on  the  core  nozzle  exit  plane.  The  microphones 
were  flush  mounted  on  the  ground  and  located  at  10**  Increments  relative  to 
the  core  nozzle  centerline.  Bruel  and  Kjadr  No.  4133  microphones,  2615 
cathode  followers  and  2801  power  supplies  were  used  for  farfleld  measure- 
ments. The  output  level  of  the  siren,  used  to  generate  the  pure  tones 
employed  as  the  Internal  source  for  the  directivity  study,  was  monitored  by  a 
wall-mounted  transducer  located  just  downstream  of  the  siren.  A schematic  of 
the  farfleld  microphone  system  Is  shown  In  Figure  2.3-6.  All  data  were 
recorded  on  an  FM  tape  recorder  for  subsequent  reduction. 


2.3.3  Test  Results 

The  farfleld  acoustic  data  were  reduced  on  a narrowband  basis  using  a 
one  Hz  bandwidth.  This  ensured  that  the  tone  levels  could  be  read  accurately, 
and  any  background  broadband  noise  could  be  removed  If  necessary.  After 
obtaining  the  farfleld  levels,  the  directivity  Indices  for  each  tone  and  Its 
harmonics  were  calculated. 

The  resultant  farfleld  levels  for  each  configuration  and  test  condition 
are  tabulated  In  Appendix  B.  Some  typical  results  are  shown  In  Figures 
2.3-7  thru  2.3-16  for  a range  of  power  settings  and  frequencies. 


Data  Analysis 


Comparison  of  Separate  Flow  Results 

\ 

The  separate  flow  test  results,  shown  In  Figures  2.3-7  through  2.3-16, 
Indicate  that  Configurations  No.  1 (internal  centerbody)  and  No.  2 (external 
plug)  tend  to  produce  somewhat  lower  levels  In  the  forward  quadrant  than  the 
other  two  configurations.  The  data  also  show  that  these  same  configurations 
tend  to  have  lower  levels  In  the  aft  quadrant.  This  could  be  due  to  the  fact 
that  the  high  radius  ratio  plug  designs  for  Configurations  No.  1 and  No.  2 
yield  very  small  passage  heights,  which  offer  Increased  impedance  to  the 
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transmission  of  low  frequencies.  In  fact  at  low  frequencies,  all  of  the 
models  were  operating  In  a range  where  "ka"  Is  small,  thus  the  length-to-X 
ratio  exerts  a significant  Influence  on  the  nozzle  radiation  characteristics 
for  the  no  flow  case  (Reference  6).  Due  to  the  significant  amount  of  data 
scatter  and  limited  number  of  data  points.  It  Is  not  possible  to  quantitatively 
assess  the  differences  between  the  high  radius  ratio  plugs  and  the  other  two 
configurations. 

A second  result  Is  that  the  directivity  pattern  for  any  given  frequency 
appears  to  be  largely  independent  of  velocity  ratio  (Vfan/Vcore) • Figures 

2.3- 17  through  2^3-19  show  the  directivity  patterns  for  the  average  of  Con- 
figurations 1-A  as  a function  of  velocity  ratio  for  three  different  source 
frequencies.  This  is  significant  since  the  only  remaining  variable  affecting 
the  low  frequency  directivity  are  nozzle  geometry  and  frequency.  Figure 

2.3- 19  also  shows  the  field  shape  derived  from  engine  test  data  (Reference  1) 

Is  In  excellent  agreement  with  the  scale-model  data  for  a source  frequency  of 
1250  Hz. 

Figures  2.3-7  through  2^6-16  also  indicate  a significant  change  in  field 
shape  with  Increasing  source  frequency.  The  lower  frequencies  appear  to  have 
a skewed  directivity  with  the  peak  angle  occurring  at  150®  to  the  Inlet, 
similar  to  that  seen  for  jet  noise.  As  the  source  frequency  Increases,  the 
peak  angle  shifts  toward  120®  to  the  Inlet,  and  the  field  shape  looks  similar 
to  that  seen  for  core  noise  measured  on  engines.  This  shift  in  directivity 
may  be  attributable  to  the  balance  between  convection  and  refraction  effects 
caused  by  the  jet  stream;  for-  example,  seeReference  7.  The  results  obtained 
here  are  consistent  with  those  found  by  Bilwakesh  (Reference  7)  where  the 
lower  frequencies  were  controlled  by  convection  effects  and  the  higher  fre- 
quencies showed  the  influence  of  refraction  effects  with  the  peak  noise  angle 
shifting  away  from  the  jet  axis.  The  data  Indicate  this  shift  begins  to 
occur  at  frequencies  between  400  and  625  Hz  on  a scale- model  basis.  Assuming 
a linear  scale  factor  of  4:1,  this  would  correspond  to  100-200  Hz  on  a full- 
scale  engine.  This  result  is  substantiated  by  the  component  rig  data  ob- 
tained under  the  Core  Engine  Noise  Control  Program,  as  shown  in  Figures 

2.3- 20  - 2.3-21.  On  a non-dimensional  basis,  the  directivity  shift  occurs 
between  ka  = 1.2  to  1.8,  based  on  the  fan  nozzle  radius  or  0.4  to  0.7  based  on 
the  core  nozzle  radius,  where  k is  the  wave  number. 

Comparison  of  Separate  Flow  and  Mixed  Flow 

Figures  2.3-22  through  2.3-30  show  a comparison  of  the  separate  and  mixed 
flow  test  results  for  several  power  settings  and  source  frequencies.  At  high 
power  settings  the  mixer  produced  lower  absolute  tone  levels  than  the  separate 
flow  configurations  at  400,  800,  and  1875  Hz.  The  tone  levels  at  125  Hz  were 
comparable  to  the  separate  flow  configurations,  while  at  1250  Hz  the  mixer 
levels  were  higher.  In  general,  the  mixer  did  tend  to  reduce  the  tone  levels 
In  both  the  forward  and  aft  quadrants  and  shift  the  peak  angle  toward  the  jet 
axis  with  some  evidence  of  a secondary  peak  at  90  to  100® . The  reduction 
observed  for  the  mixer  configuration  is  attributed  to  the  reduced  character- 
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istlc  dimension  at  the  core  nozzle  exit  due  to  the  mixer  elements.  Similar 
attenuation  of  low  frequency  noise  is  indicated  for  multi-element  nozzle 
configurations  used  on  a J85  engine  (Reference  8).  The  results  were  repre- 
sentative of  those  observed  at  the  other  power  settings  with  the  reduction 
achieved  by  the  mixer  being  limited  to  the  higher  frequencies  (>  800  Hz). 
Overall,  the  mixer  nozzle  produced  a 5-7  dB  reduction  in  tone  levels  in  the 
forward  quadrant  and  a 2-4  dB  reduction  in  the  aft  quadrant,  depending  upon 
the  frequency. 


2.3.5  Results  and  Conclusions 

The  significant  results  of  this  task  are  summarized  below: 

1.  The  high  radius  ratio  core  nozzles  appear  to  reduce  forward  and  aft 
propagation  of  low  frequency  noise  by  a small  amount. 

2.  The  directivity  characteristics  of  the  various  configurations 
tested  appear  to  be  largely  Independent  of  velocity  ratio. 

3.  The  farfield  directivity  pattern  at  all  power  settings  appears  to 
be  frequency  dependent  with  lower  frequencies  (ka  <1.2)  exhibiting 
a skewed  pattern  peaking  at  150°  to  the  inlet  axis  and  higher 
frequencies  (ka  >1.8)  having  a pattern  closely  resembling  measured 
core  engine  directivities  peaking  at  120°  to  the  inlet.  Here  'a' 
is  the  fan  nozzle  radius. 

4.  The  change  in  directivity  pattern  with  frequency  is  probably  due  to 
a shift  in  control  from  convection  to  refraction  effects. 

5.  The  18 -lobe  mixer  produced  lower  farfield  tone  levels  at  most 
frequencies  and  power  settings,  especially  in  the  forward  quadrant 
(5-7  dB). 

These  results  tend  to  support  the  conclusion  that  high  radius  ratio  plug 
core  nozzles  are  more  beneficial  from  a core  noise  standpoint  than  low 
radius  ratio  plugs.  Further,  the  benefit  achievable  is  Independent  of 
velocity  and  velocity  ratio,  suggesting  that  the  results  shown  here  should  be 
generally  applicable  to  a range  of  engine  cycles.  The  agreement  found  be- 
tween the  model  data,  at  higher  frequencies,  and  the  engine  directivity 
reinforces  the  validity  of  the  field  shape  currently  used  for  predicting  core 
engine  noise.  Results,  however,  do  show  that  for  very  Icx-f  frequencies  the 
field  shape  changes  significantly,  with  a marked  shift  in  the  peak  angle 
towards  the  Jet  axis. 
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Table  2.3-1  Low  Frequency  Core  Noise  Directivity 


Figure  2.3-A  Typical  Nozzle  Configuration  on  JENOTS  Acoustic  Test  Facility 


Figure 


• 20  ft  Arc  (6.1  m) 

• V = 1486  ft/sec  (452,9  m/s) 

core 

• ^01  ft/sec  (274.6  m/s) 


O Conflg.  1/Pt.  191  O Config.  3/Pt.  191 

A Config.  2/Pt.  191  ^Config.  4/Pt.  191 


Figure  2.3-7  Separate  Flow  Core  Noise  Directivities  at  V = 1486, 
Vfan=  901  ft  /sec  for  125  and  400  Hz 

40 


SPL,  dB 


• 20  ft  Arc  (6.1  m ) 

• V = 1486  ft /sec  (452.9  m/s) 

core 


• V,  = 901  ft/sec  (274.6  m/s) 
fan 


Angle  to  Inlet,  Degrees 


O Config.  1/Pt.  191  □ Config.  3/Pt.  191 

AConfig.  2/Pt.  191  O Config.  4/Pt.  191 


Figure  2.3-8 


Separate  Flow  Core  Noise  Directivities  at 
for  800  and  1250  Hz 
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fan 
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core  ' 
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Figure  2.3-9  Separate  Flow  Core  Noise  Directivities  at  V = 1102, 

V,  = 824  ft  /sec  for  125  and  400  Hz  core 

fan 
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Figure  2 
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3-10  Separate  Flow  Core  Noise  Directivities  at  V ■ 1102, 
= 824  ft  /sec  for  800  and  1250  Hz 
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Figure  2.3-11  Separate  Flow  Core  Noise  Directivities  at  V 

711  ft  /sec  for  125  and  400Hz 
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Figure  2.3-12  Separate  Flow  Core  Noise  Directivities  at  V 

711  ft  /sec  for  800  and  1250  Hz 
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Figure  2.3-16  Separate  Flow  Core  Noise  Directivities  at  V 
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Figure  2.3-20  CF6  Combustor  Directivities  for  Various  Frequencies 
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Figure  2.3-25  Mixed  and  Separate  Flow  Core  Noise  Directivity  Comparison 
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Figure  2.3-26  Mixed  and  Separate  Flow  Core  Noise  Directivity  Comparison 
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Figure  2.3-27  Mixed  and  Separate  Flow  Core  Noise  Directivity  Comparison 
at  V o = 1095,  V,  = 711  ft  /sec  for  1875  Hz 
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Figure  2.3-29  Mixed  and  Separate  Flow  Core  Noise  Directivity  Comparison 
at  ^87  ft  /sec  for  800  and  1250  Hz 
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2.4  ENGINE  TESTS 


2.4.1  Objectives 

These  data  were  acquired  in  order  to  enhance  the  data  base  used  in  the 
formulation  of  the  combustor  (core)  noise  prediction  method  for  engines.  In 
particular,  the  two  engines  selected  (a  turboshaft  and  a turbofan  engine) 
provided  information  on  combustors  designed  for  lower  emissions. 

In  order  to  determine  the  relationship  between  core  and  farfield  low 
frequency  noise  levels,  both  Internal  and  farfield  instrumentation  were  used 
for  the  turbofan  engine  test.  The  Internal  instrumentation  was  designed  to 
permit  separation  of  the  sound  from  turbulence  perturbations. 


2.4.2  Turboshaft  Engine  Test 

The  turboshaft  engine  test  was  conducted  at  General  Electric’s  Outdoor 
Engine  Test  Facility  located  90  miles  west  of  Cincinnati  in  Peebles,  Ohio. 
Figure  2.4-1  shows  a panoramic  view  of  the  acoustic  test  site  at  Peebles. 

The  acoustic  test  site  consisted  of  farfield  microphone  towers  located  on  a 
150-ft  (45.7  m)  arc  centered  on  the  fan  rotor  leading  edge.  The  towers  were 

40 -ft  (12.2m)  above  ground  level  located  every  10®  relative  to  the  engine 
centerline  which  is  13-ft  (3.96m)  high.  The  ground  between  the  engine  and 

the  microphone  towers  was  covered  with  crushed  rock.  Figure  2.4-2  shows  a 
schematic  of  the  test  facilty. 

The  turboshaft  engine  used  for  the  test  was  an  advanced  technology  engine 
utilizing  a reduced  emissions  combustor  and  highly  loaded  power  turbine. 

This  engine  featured  a centrifugal  compressor  stage  immediately  preceeding 
the  combustor,  thus  providing  some  indication  of  the  Impact  of  inlet  turbu- 
lence on  the  noise  generation.  A schematic  of  the  engine  is  shown  in  Figure 
2.4-3.  A water  brake  system  was  used  to  absorb  the  power  turbine  output. 

A total  of  ten  test  points  were  run,  including  repeats,  ranging  from  70 
SHP  (52.2KW)  to  1300  SHP  (969.4  KW) . 

Farfield  acoustic  data  were  recorded  using  the  microphone  set-up,  de- 
scribed above,  plus  2 additional  microphones  located  1-ft  above  the  crushed 
rock  surface  at  110°  and  120°  to  the  inlet.  These  additional  microphones 
were  used  to  verify  low  frequency  spectral  shapes  in  the  aft  quadrant.  The 
farfield  measurements  were  made  using  B & K No.  4133  1/2"  microphones,  2615 
cathode  followers,  and  2801  power  supplies.  Data  was  recorded  on  a 28  channel 
FM  tape  recorder  located  in  the  engine  control  room.  All  engine  performance 
data  were  also  monitored  in  the  control  room. 
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Test  Results 


The  farfleld  acoustic  data  were  reduced  on  a 1/3-octave  band  basis 
and  corrected  to  a standard  (ISA)  day.  Figures  2.4-4  through  2.4-8  show  60“ 
and  120“  farfleld  spectra  for  each  power  setting,  including  the  predicted 
core  and  jet  noise.  The  jet  noise  is  20  dB  below  the  measured  data  in  all 
cases.  Indicating  that  it  is  not  a contributing  source.  The  predicted  core 
noise  levels  are  in  excellent  agreement  with  the  measured  data  in  the  aft 
quadrant  for  frequencies  between  100  and  630  Hz  with  the  exception  of  ground 
idle.  Below  100  Hz,  the  data  is  affected  by  a 60  Hz  Interference  signal  from 
the  amplifiers.  The  data,  however,  include  significant  contributions  from 
the  waterbrake  and  rotating  turbomachinery  noise.  The  former  was  clearly 
audible  in  the  forward  quadrant,  especially  at  low  power  settings.  The 
latter  was  characterized  by  tonal  peaks.  Figures  2.4-9  and  -10  show  measured 
SPL's  at  60“  and  120“  for  several  1/3-octave  band  frequencies  of  interest 
plotted  as  a function  of  shaft  horsepower.  The  400  Hz  levels  at  120“  varies^ 
as  predicted  for  combustor  noise,  over  the  entire  speed  range  while  at  60“  the 
levels  follow  a different  slope.  The  125  Hz  levels  in  the  forward  quadrant 
appear  to  be  totally  dominated  by  the  waterbrake, as  can  be  seen  from  the  data 
trend  in  Figure  2.4-9.  In  the  aft  quadrant,  however,  the  125  Hz  data  indi- 
cate trends  similar  to  the  predicted  values  at  all  but  the  very  lowest  power 
setting.  At  higher  frequencies  (see  Figure  2.4-10)  the  measured  data  trends 
indicate  slightly  different  slopes  than  the  predicted  values,  expecially  at 
2000  Hz. 

The  waterbrake  noise  appears  to  Increase  at  a slower  rate  with  engine 
power  setting  than  does  the  combustor  noise.  Hence,  the  measured  engine  data 
in  the  vicinity  of  400  Hz  increasingly  resembles  combustor  noise  with  in- 
creasing speed.  Figures  2.4-11  through  2.4-19  show  a comparison  of  measured 
and  predicted  core  noise  field  shapes  at  125,  400,  and  630  Hz.  These  figures 
support  the  claim  that  the  waterbrake  Influences  the  farfleld  levels,  at  low 
frequencies  in  the  forward  quadrant,  because  the  measured  field  shape  Is  not 
typical  of  that  observed  for  core  noise  on  other  engines.  On-site  evaluation 
during  the  test  indicated  the  waterbrake  noise  to  clearly  be  audible  at  low 
power  settings  in  the  forward  quadrant.  Also  the  levels  in  the  forward 
quadrant  approach  the  predicted  core  noise  levels  as  engine  power  setting 
Increases.  At  125  Hz,  the  engine  data  is  higher  than  the  prediction  except  at 
high  power  settings  in  the  aft  quadrant.  This  is  due  to  the  background  noise 
of  the  waterbrake  system  dominating  the  forward  quadrant  as  noted  above. 

At  400  and  630  Hz,  excellent  agreement  is  obtained  between  measured  and 
predicted  levels  in  the  aft  quadrant.  This  good  agreement  on  both  a spectral 
and  field  shape  basis,  in  the  aft  quadrant,  supports  the  findings  from  the 
Core  Engine  Noise  Control  Program  (D0T-FA72WA-3023) . 

Figures  2.4-20  and  2.4-21  show  the  low  microphone  data  (mlc  height  - 1- 
ft)  compared  to  the  standard  40 -ft  tower  data.  The  low  microphones  were 
used  to  obtain  low  frequency  spectrum  shapes  free  of  ground  reflections. 
Unfortunately,  there  was  a 60  Hz  contamination  signal  which  prevented  obtain- 
ing a smooth  spectrum  down  to  50  Hz.  The  low  microphone  data  does,  however, 
reconfirm  the  low  frequency  (100-400  Hz)  spectrum  shape  of  core  noise. 


Figure  2.4-22  shows  the  OAPWL  calculated  for  this  engine,  at  each  power 
setting,  compared  to  the  engine  correlation  derived  in  Reference  8.  These 
OAPWL' s were  calculated  assuming  a T64  spectrum  shape  and  directivity  pattern 
given  in  Reference  8 and  fitting  the  spectrum  shape  to  the  measured  engine 
level  in  the  400  Hz  1 /3-octave  band;  as  expected,  there  is  excellent 
agreement  with  the  previous  data  base  on  an  OAPWL  basis. 


Results  and  Conclusions 

The  results  of  the  testing  on  the  turboshaft  engine  are  summarized 
below: 

1.  On  a spectral  basis  the  engine  data  were  in  essential  agreement 
with  the  T64  spectrum  shape  recommended  in  the  Core  Engine  Noise 
Control  Program  (DOT  FA72WA-3023) . 

2.  The  field  shapes  measured  for  the  engine  peak  combustor  noise 
frequencies  in  the  aft  quadrant  were  in  good  agreement  with  the 
prediction  directivity.  The  front  quadrant  levels  were  contami- 
nated by  water-brake  noise. 

3.  The  calculated  OAPWL' s for  the  turboshaft  engine  correlated  well 
with  the  procedure  outlined  in  the  referenced  contract. 

Relatively  good  agreement  between  this  measured  turboshaft  engine  data 
and  the  predicted  levels  on  a directivity,  spectral  and  OAPWL  basis,  supports 
the  prediction  method  previously  derived  under  DOT-FA72WA-3023  and  provides 
a new  set  of  data  to  be  Included  in  the  core  engine  noise  data  base.  The 
agreement  on  a PWL  and  spectral  basis  is  notable  considering  the  differences 
between  this  engine  and  those  used  to  derive  the  prediction  method;  particu- 
larly the  presence  of  a centrifugal  compressor  stage  immediately  preceding 
the  combustor  (impacts  the  turbulence,  entering  the  combustor),  and  the  rela- 
tively high  overall  turbine  pressure  ratio  (which  determines  the  low  fre- 
quency noise  transmission) . 


2.4.3  Turbofan  Engine  Test 

The  turbofan  engine  test  was  conducted  at  SHECMA's  (Societe'  Nationale 
d' Etude  et  de  Construction  de  Moteurs  d 'Aviation)  outdoor  acoustic  test 
facility  located  in  Istres,  France.  Figure  2.4-23  shows  a view  of  the  test 
facility  with  the  engine  mounted  on  the  test  stand.  The  acoustic  test  site 
consisted  of  farfield  microphone  towers  located  on  a 201.7  ft  (61.5m)  arc 
centered  on  the  core  exhaust  nozzle  exit  plane.  The  towers  were  15.6  ft 
(4.75m)  high,  located  every  5“  relative  to  the  engine  centerline,  which  was 
11.5  ft  (3.5m)  above  the  ground.  In  addition,  there  were  two  movable  micro- 
phone systems  mounted  on  trolleys  which  traversed  a 197  ft  (60m)  arc  at  a 
speed  of  .86  ft/sec  (.26  m/s).  The  height  of  these  movable  microphones  was 
11.5  ft  (3.5m).  The  surface  between  the  engine  and  the  microphone  was  smooth 
concrete.  Figure  2.4-24  shows  a schematic  of  the  test  facility. 
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The  engine  was  a separate  flow  configuration  (Figure  2.4-25).  Both  the 
inlet  and  fan  exhaust  duct  were  lined  with  acoustic  treatment.  The  core 
nozzle  waS  untreated.  This  particular  configuration  was  not  chosen  to  ensure 
that  the  measured  farfield  core  noise  would  be  representative  of  a produc- 
tion engine  with  the  fan  noise  suppressed. 

The  basic  instrumentation  setup  is  shown  in  Figure  2.4-24.  A total  of 
eight  test  points  were  run.  Farfield  acoustic  data  were  as  recorded  at  each 
test  point.  Acoustic  probe  data  at  five  different  immersions  were  also 
recorded  at  each  test  point  with  the  exception  of  the  lowest  power  setting 
where  only  three  immersions  were  recorded.  Figure  2.4-26  shows  a schematic 
of  Che  probe  relative  to  the  core  nozzle  and  a tabulation  of  the  different 
immersions  which  were  chosen  to  provide  five  equal  area  measurements  across 
the  core  exhaust.  Table  2.4-1  contains  the  fan  speeds  and  thrusts  for  this 
test. 


The  instrumentation  used  for  this  test  consisted  of  farfield  microphones 
and  a water  cooled  acoustic  sound  separation  probe  located  at  the  core  nozzle 
exit  plane. 

Figure  2.4-24  shows  the  five  farfield  microphones  used  for  this  test. 
These  microphones  were  located  on  a 213.2-ft  (65m)  arc  at  height  of  0.79- 
Inches  (20  mm)  to  Insure  no  ground  reflection  interference  in  the  frequency 
range  of  interest.  In  addition,  there  were  two  other  mocrophones  located  on  a 
201.7“ft  (61.5m)  arc  at  a height  of  4.9-ft  (1.5m).  These  microphones  were 
used  as  a check  on  the  low  microphones. 

The  farfield  microphone  systems  consisted  of  B&K  No.  4133  1/2-inch  micro- 
phones, 2615  cathode  followers  and  2801  power  supplies.  Data  was  recorded  on 
a Bell  and  Howell  3360  AM  tape  recorder.  The  tape  recorder  and  associated 
amplifiers  were  located  in  the  acoustic  instrumentation  trailer,  shown  in 
Figure  2.4-24. 

The  water-cooled  acoustic  sound  separation  probe,  which  utilizes  two 
Kulite  (CQH  125  - 25D)  pressure  transducers  located  in  the  probe  tip,  was 
mounted  parallel  to  the  engine  centerline  with  the  sensing  elements  located 
just  inside  the  core  exhaust  nozzle.  Figure  2.4-26  provides  a schematic  of 
the  probe  mounting  system  relative  to  the  engine.  Figure  2.4-27  shows  a 
photo  of  the  probe  and  mounting  stand  in  place  on  the  test  stand.  The 
transducers  were  connected  to  two  low  noise  ampllfers  (Princeton  Applied 
Research  No.  113)  and  the  output  from  these  ampllfers  was  input  to  the 
amplif ier/tape  recorder  system  located  in  the  acoustic  Instrumentation 
trailer.  Figure  2.4-28  shows  a schematic  of  the  electrical  hook-up  and  sig- 
nal conditioning  for  the  probe. 


Data  Analysis 

The  data  analysis  for  this  test  consisted  of  two  parts; 
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1.  Analysis  of  the  probe  data  using  sound  separation  to  distinguish 
between  turbulence  and  sound. 

2.  Comparison  of  probe  data  and  farfleld  levels. 


Sound  Separation  Probe  Test  Results 

The  Internal  measurements  for  this  test  were  made  with  a water-cooled 
sound  separation  probe.  This  unique  piece  of  instrumentation  was  used  to 
permit  the  true  acoustic  signal,  at  the  core  nozzle  exit,  to  be  separated  from 
the  overall  measured  signal  which  Included  turbulence  pressure  fluctuations 
as  well  as  those  due  to  the  noise.  Figure  2.4-29  shows  a schematic  of  the 
environment  surrounding  the  probe. 

The  sound  separation  technique  utilizes  two  miniature  pressure  trans- 
ducers, aligned  axially,  mounted  on  the  side  of  the  probe.  A cross-correla- 
tion between  the  signals  from  sensor  A and  sensor  B will  provide  a function 
with  separate  peaks  for  each  of  the  components  (sound,  turbulence)  of  the 
signal  due  to  the  varying  phase  velocity  associated  with  each.  The  slower 
moving  turbulence  provides  the  peak  of  the  time  delay  corresponding  to  the 
convection  velocity,  while  the  sound  travelling  at  the  speed  of  sound  plus 
the  mean  velocity  of  the  flow,  provides  a peak  at  a much  smaller  time  delay. 

In  order  to  compute  the  overall  level  of  the  broadband  components  of  the 
signals,  use  is  made  of  the  fact  that  the  zero  time  delay  value  of  the  auto- 
correlation of  any  signal  is  equal  to  its  mean  square  value.  Since  the 
sensors  are  close  together  and  the  time  delays  are  small,  the  assumption  that 
the  mean  square  of  each  component  of  the  signal  is  equal  to  the  peak  value  of 
the  cross  correlation  is  valid.  Therefore,  solution  of  the  simultaneous 
equations  provides  the  overall  sound  level.  The  sound  spectrum  is  separated 
from  the  total  spectrum  by  Iteration  of  the  cross  correlation  function  into 
time  shifted  autocorrelation  functions.  The  Fourier  transform  of  the  sound 
autocorrelation  will  provide  the  sound  spectrum. 

The  data  t^ken  during  this  test  were  reduced  using  a digital  analyzer 
(Time  Data  TDA-53P).  The  results  are  presented  in  the  form  of  the  overall 
measured  signal,  in  one-third  octave  band  levels,  with  the  corresponding 
separated  acoustic  signal.  Typical  results  are  shown  in  Figures  2.4-30  through 

2.4- 36  for  one  immersion  at  each  speed  point.  Data  at  the  lowest  speed  point 
was  not  reduced  due  to  pure  tone  con taml nation. 

The  one-third  octave  baud  data  was  used  to  calculate  the  one-third 
octave  band  power  apectra  and  OAPWL's  for  each  test  point.  The  PWL's  were 
calculated  using  the  probe  corrections  noted  in  Section  2.2.4.  Similarly, 
the  OAPWL  is  the  logarithmic  summation  of  the  one  third  octave  PV/L's.  Table 

2.4- 2  contains  the  power  spectra  and  OAPWL's  for  the  sound  separated  acoustic 
•ignal  for  each  test  point. 


Figure  2.4-37  shows  the  PWL  spectrum  shape  for  each  test  point.  It  can 
be  seen  that  the  measured  spectral  shapes  are  very  close  to  the  recommended 
engine  spectrum  shape  from  Reference  10,  with  the  peak  frequency  shifted  to 
315  Hz.  The  variations  in  the  measured  data  could  be  due  to  changes  in 
turbine  attenuation  or  source  characteristics  with  varying  engine  speed. 

This  result  reinforces  the  recommendation  made  in  Reference  10,  namely  that 
the  T64  (engine)  spectrum  provides  the  best  fit  for  core  noise,  and  that  the 
broader  spectral  envelope  is  probably  due  to  contamination  of  farfleld  data 
by  jet  and  fan  noise. 

Figure  2.4-38  shows  some  typical  one  third  octave  band  data  at  500  and 
1000  Hz  plotted  as  a function  of  immersion  for  various  engine  power  settings. 
The  small  variation  in  SPL  across  the  duct  indicates  the  radial  mode  content 
is  not  significant.  Figure  2.4-39  shows  the  calculated  OAPWL's  plotted 
against  the  cote  engine  noise  correlation  parameter  from  Reference  10.  The 
measured  probe  power  levels  are  5-6  dB  higher  than  the  mean  line.  This  is 
not  unexpected  since  the  probe  levels  do  not  include  any  of  the  losses 
associated  with  impedance  change  at  the  nozzle  exit  or  propagation  through 
the  jet  exhaust.  It  can  be  shown  (Reference  9)  that  the  loss  through  the 
exhaust  nozzle  may  be  approximated  as; 

TL  = 10  log  (Ji)^  = 10  log  (li)  (2.4-1) 

A more  rigorous  loss  prediction  can  be  obtained  by  considering  the  problem  in 
two  parts;  a transmission  problem  and  a radiation  problem  (see  Figure  2.4-40). 
The  transmission  problem  models  the  effect  of  velocity,  density  and  tempera- 
ture changes  induced  by  the  exhaust  nozzle.  The  radiation  problem  models  the 
effect  of  radiation  into  open  space.  The  Bekofske  actuator  disk  analysis  of 
low  frequency  noise  transmission  through  turbine  blade  rows  (Reference  3 ) 
lends  itself  to  the  transmission  problem  since,  in  the  analysis,  the  low 
frequency  sound  does  not  actually  recognize  the  blades,  only  the  changes 
induced  in  flow  conditions.  The  solution  to  the  second  problem  is  well  known 
(see,  for  example,  Reference  6)  and  the  loss  is  given  by  (ka)2  for  circular 
nozzles,  where  k is  the  wave  number  and  'a*  the  radius.  Combining  the  two 
solutions  should  give  the  transmission  loss  for  sound  transmission  through  a 
nozzle  carrying  a flow.  As  is  shown  in  Section  2.6,  this  yields  a trans- 
mission loss  of 


TL  = 10  log  1/4 


P 0^0 
P8^8 


(C8 


(2.4-2) 


since  the  radiation  loss  component  is  negligible  ("ka"  is  very  large). 

Over  the  operating  range  of  this  test,  the  resultant  nozzle  transmission 
loss  is  estimated  to  be  4-5  dB,  thus  bringing  the  measured  probe  levels  more 
into  line  with  the  other  engine  data.  Where  this  effect  is  Included,  the 
measured  probe  levels  are  in  good  agreement  with  the  other  data  which  are 
based  on  farfleld  measurements. 
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The  farfield  core  noise  spectra  were  extracted  from  the  "directly  mea- 
sured" farfleld  spectra  through  coherence  with  the  signal  measured  by  the 
core  probe.  The  resultant  farfield  spectrum  is  that  part  of  the  total  far- 
fleld spectra  attributable  to  the  noise  emanating  from  the  core  nozzle. 
Figures  2.4-41  thru  2.4-45  show  some  typical  results  using  the  probe  levels 
at  immersion  number  three  as  the  "source  signal".  The  variation  in  spectrum 
shape  as  a function  of  angle  is  typical  for  all  power  settings.  This  varia- 
tion represents  the  same  combination  of  convection  and  refraction  effects  due 
to  the  jets  noted  for  the  model  tests  (Section  2.3).  Figures  2.4-46  through 
2.4-48  show  some  farfield  directivity  patterns  for  various  frequencies  and 
power  settings.  The  field  shapes  are  clearly  a function  of  frequency  with 
lower  frequencies  (<250  Hz)  exhibiting  trends  similar  to  jet  noise.  The 
higher  frequencies  (>400  Hz)  show  trends  similar  to  that  seen  for  core  noise 
on  other  engines.  Result  3 similar  to  these  were  seen  for  the  low  frequency 
directivity  tests  (Section  2.3).  These  data  indicate  that  the  exhaust  plume 
has  a significant  effect  on  farfield  core  noise  directivity.  Since  this  test 
represents  a small  sample  and  the  accuracy  of  the  point-to-point  coherence 
analysis  used  is  not  fully  known  as  yet,  the  farfield  coherence  levels  deter- 
mined by  this  test  cannot  be  used  with  high  confidence.  However,  the  trends, 
such  as  dependence  of  farfield  directivity  on  frequency,  are  believed  to  be 
valid.  More  work  needs  to  be  done  in  the  area  of  the  spectral  content  before 
any  changes  to  current  prediction  procedures  can  be  recommended. 


Results  And  Conclusions 

The  results  of  the  turbofan  engine  test  are  summarized  below: 

1.  Power  spectra  measured  at  the  core  nozzle  exit  confirm  the  T64 
engine  spectrum  shape  for  core  noise. 

2.  Probe  OAPWL's  are  5-6  dB  higher  than  the  current  engine  core  noise 
correlation,  with  most  of  the  difference  being  accounted  for  by  a 
nozzle  transmission  loss  term. 

3.  The  coherence  analysis  indicates  a strong  frequency  dependence  for 
farfield  directivity;  with  low  frequencies  showing  -characteristics 
similar  to  jet  noise  and  higher  frequencies  trends  similar  to  those 
seen  for  core  noise  on  other  engines.  These  findings  are  substan- 
tiated by  the  nozzle  directivity  test  results  (Section  2.3). 

( 

4.  The  use  of  sound  separation  and  coherence  analysis  has  proved  to  be 
a useful  diagnostic  tool  for  accurately  measuring  core  noise  on  a 
turbofan  engine. 


Table  2.4-1  Turbofan  Engine  Test  Matrix 


Fan  Speed 
(rpm) 

(lbs) 

Thrust 

(kN) 

2674 

5600 

24.91 

2944 

7000 

31.14 

3246 

8800 

39.14 

3744 

12400 

55.16 

4122 

15900 

70.73 

4406 

19000 

84.52 

4648 

22000 

97.86 

Table  2.4-2  Cor-s  Probe  Power  Levels 


• PWL  dB  re:  10  watcs 


Frequency 

(Hz) 


OAPWL 


72 

73 

74 

Point  No. 

75  76 

77 

78 

137.5 

135.9 

137.5 

133.1 

131.5 

131.9 

130.6 

139.9 

139.1 

141.6 

135.5 

133.8 

132.1 

131.7 

141.3 

140.5 

143.4 

137.7 

136.0 

133.6 

132.7 

142.3 

142.9 

144.8 

139.2 

136.7 

135:0 

133.4 

142.7 

144.3 

145.2 

139.3 

138.0 

136.9 

133.3 

141.1 

143.2 

145.3 

139.1 

136.9 

134.4 

133.7 

142.7 

143.8 

145.5 

138.9 

136.0 

133.5 

132.1 

141.6 

144.2 

146.4 

137.7 

134.0 

132.8 

132.4 

137.1 

139.6 

141.6 

134.3 

132.8 

131.2 

131.7 

135.2 

137.9 

138.2 

133.3 

132.1 

130.5 

130.5 

133.2 

136.1 

138.5 

130.3 

129.9 

128.7 

128.4 

132.4 

136.3 

139.0 

127.3 

128.4 

127.3 

126.4 

129.7 

134.3 

136.5 

126.9 

126.9 

124.6 

124.6 

127.6 

132.9 

135.9 

125.0 

125.4 

122.2 

122.3 

150.9 

152.2 

154.2 

147.6 

145.6 

143.9 

142.7 
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Figure  2.4-4  Comparison  of  Core  Noise  Prediction  to  Measured  Engine 
Data  at  Ground  Idle  Speed. 
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Figure  2.4-5  Comparison  of  Core  Noise  Prediction  to  Measured  Engine 
Data  at  Flight  Idle  Speed 
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Figure  2.4-7  Comparison  of  Core  Noise  Prediction  to  Measured  Engine 
Data  at  930  SHP 
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Figure  2.4-8  Comparison  of  Core  Noise  Prediction  to  Measured  Engine 
Data  at  1320  SHP 


• Turboshaft  Engine 

• 2U0  ft.  (6i  in)  Sideline 

• 125  Hz 


Predicted  Combustor  Noise 

Measured  Engine  Noise 


• 400  Hz 


Figure  2.4-9  Variation  of  Farfield  SPL's  with  Engine 
Power  Setting  at  125  and  400  Hz 
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Figure  2.4-13  Predicted  vs.  Measured  125  Hz  SPL  Levels  for 
Turboshaft  Engine  at  1320  Shaft  Horsepower 
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Figure  2.4-20  Low  vs.  High  Microphone  Data  at  110°  Acoustic  Angle 
for  Turboshaft  Engine  at  930  Shaft  Horsepower 
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Figure  2.4-22  Core  Engine  Noise  OAPWL  Correlation 


Figure  2.4-25  Schematic  of  Separate  Flow  Nacelle  Tested  at  Istres,  France 
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Figure  2.4-28  Instrumentation  Schematic  for  Core  Probe  Test 
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Figure  2.4-30  Turbofan  Engine  Sound  Separation  Probe  Test 
Results  at  2674  RPM  Fan  Speed. 
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Figure  2.4-31  Turbofan  Engine  Sound  Separation  Probe  Test 
Results  at  2944  RPM  Fan  Speed 
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Figure  2.4-35  Turbofan  Engine  Sound  Separation  Probe  Test 
Results  at  4406  RPM  Fan  Speed 
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Figure  2.4-36  Turbofan  Engine  Sound  Separation  Probe  Test 
Results  at  4648  RPM  Fan  Speed 
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Figure  2.4-37  Turbofan  Engine  Probe  Power  Level  Spectra 


Figure  2.4-39  Core  Engine  Noise  OAPWL  Correlation 
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Figure  2.4-AO  Schematic  of  Nozzle  Transmission  Problem  Modeling 
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Figure  2.4-41  Turbofan  Engine  Probe-to-Farfield  Coherence 
Spectra  at  57.5°  Acoustic  Angle 
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Figure  2.4-42  Turbofan  Engine  Probe-to-Farfield  Coherence 
Spectra  at  97.5°  Acoustic  Angle 
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t Figure  2.4-43  Turbofan  Engine  Probe-to-Farf ield  Coherence 
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Figure  2.4-46  Turbofan  Engine  Core  Noise  Directivity 
Patterns  at  100  and  160  Hz 
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2.5  EMISSIONS/NOISE  RELATIONSHIPS 


2.5.1  Objectives 

The  objective  of  this  activity  was  to  examine  and  evaluate  emissions  and 
noise  data  to  establish  the  existence  (If  any)  of  emissions  and  noise  relation- 
ships and  the  trade-offs  Involved.  This  required  correlation  of  emission 
Indices  against  performance  parameters  similar  to  those  used  for  combustor 
noise  correlation. 

The  configurations  Involved  included  the  internal  density/parametric 
tests  (Section  2.2),  where  noise/emissions  data  were  acquired  concurrently, 
and  the  turboshaft  and  turbofan  engine  tests,  for  which  emissions  data  were 
available.  In  addition,  the  results  of  the  Experimental  Clean  Combustor 
Program  (References  2.11)  were  also  studied  as  these  included  noise  and 
emissions  levels  for  seven  advanced  low  emissions  combustor  designs  plus  a 
standard  (baseline)  design.  The  D13  combustor  used  in  the  internal  density/ 
parametric  tests  was  also  included  In  this  group. 


2.5.2  Correlations  for  Emissions 


The  measured  emissions  levels  of  oxides  of  nitrogen  (NOx),  carbon 
monoxide  (CO)  and  unburned  hydrocarbons  (HC)  for  the  D13  double  annular 
combustor  used  in  Task  I,  corrected  to  standard  (ISA)  day  takeoff  conditions, 
are  shown  in  Figures  2.5-1  through  2.5-3.  Similar  curves  for  turboshaft 
and  turbofan  combustors,  referenced  in  Section  2. A,  are  shown  In  Figures 
2.5-4  through  2.5-8.  No  emissions  data  were  available  for  unburned  hydro- 
carbons on  the  turboshaft  engine.  Correlations  such  as  these  are  used  to 
extrapolate  measured  emissions  levels  to  actual  engine  operating  conditions 
in  compliance  with  EPA  emissions  requirements. 


2.5.3  Nolse/Emlssions  Comparisons 

It  has  been  found  that  noise  and  emissions  both  correlate  with  similar 
parameters,  namely  combustor  inlet  temperature  and  pressure,  reference 
velocity  and  fuel/air  ratio  or  temperature  rise.  Table  2.5-1  shows  the 
qualitative  impact  on  the  various  emission  indices  and  noise  level  as  each 
cycle  parameter  is  varied  individually.  It  would  appear  that  trade-off 
studies  could  be  conducted  by  varyirlg  each  of  the  cycle  parameters  indi- 
vidually. These  studies  would  be  purely  hypothetical  since  variations  are 
impossible  for  a fixed  engln^  cycle.  For  quantification  purposes,  two  other 
approaches  appear  more  desirable: 

1.  Comparison  of  noise  and  emissions  for  standard  and  growth  engine 
cycles. 

2.  Evaluation  of  data  from  low-emissions  and  baseline  combustors  to 
determine  the  impact  on  noise  of  emissions  reduction  techniques. 


Noise  and  emissions  correlations  have  been  derived  for  the  D13  double 
annular  combustor  and  those  combustors  used  In  the  turboshaft  and  turbofan 
engines  referenced  In  Section  2.4.  The  emissions  correlations  are  sho’m  In 
Figures  2.5-1  through  2.5-8.  The  noise  correlation  for  the  D13  combustor  is 
shown  In  Figure  2.2-14.  The  turboshaft  and  turbofan  core  noise  levels  were 
found  to  correlate  with  the  parameter  given  in  Figure  2.4-22.  Utilizing 
these  correlations,  noise  and  emissions  levels  were  calculated  for  the  D13, 
turboshaft  and  turbofan  combustors  for  both  standard  and  projected  growth 
cycles  applicable  to  engines  on  which  these  combustors  are  likely  to  be 
used.  Typical  results  are  shown  in  Table  2.5-2. 

At  takeoff  power,  combustor  noise  for  the  D13  is  projected  to  Increase 
1.3  dB  with  a corresponding  14.4%  Increase  in  NOx  emissions  for  a 5.8% 
Increase  In  thrust.  At  approach,  combustor  noise  increases  1.4  dB  with  a 
9%  Increase  in  the  NOx  emissions  and  a 16%  decrease  in  CO  emissions.  The 
relatively  larger  percentage  changes  seen  for  the  NOx  emissions  is  attributed 
to  the  very  high  exhaust  gas  temperatures  required  to  achieve  the  thrust 
increase. 

The  turboshaft  and  turbofan  combustors  produced  similar  results  in 
terms  of  impact  of  growth  on  noise  and  emissions.  At  takeoff,  both  combus- 
tors are  projected  to  have  a 0.9  dB  increase  in  combustor  noise  with  an 
accompanying  7%  increase  in  NOx  emissions.  At  approach^  the  combustor  noise 
increases  0.7  dB  with  a 5 - 6%  increase  in  NOx  emissions  and  a 8%  decrease 
in  CO  emissions  for  a 9%  growth  in  baseline  thrust. 

On  an  overall  system  noise  basis,  the  above  increases  in  combustor 
noise  will  result  in  negligible  increases  in  flight  noise  levels  at  takeoff 
and  approach  for  all  three  study  engines  since  other  noise  sources,  such  as 
jet  and/or  turbomachinery,  dominate  the  overall  system  noise.  The  increases 
in  emissions  levels  at  takeoff  appear  to  be  much  more  significant  than  the 
increase  in  combustor  noise  on  an  overall  systems  basis. 


Impact  of  Low  Emissions  Techniques 

A second  approach  to  the  problem  of  noise/emlsslons  relationships  is  to 
consider  the  impact  on  noise  of  emission  reduction  techniques  used  in 
advanced  combustors.  Both  emissions  and  noise  measurements  were  taken  on 
seven  low  emission  configurations,  including  the  D13  double  annular  com- 
bustor, and  a standard  production  combustor  under  the  Experimental  Clean 
Combustor  Program  (References  2,  3,  4,  11).  The  major  variations  are  shown 
in  Figure  2.5-9  and  detailed  in  Table  2.5-3.  A comparison  of  the  noise  and 
emissions  levels  for  the  standard  and  D13  combustors  is  given  in  Table 
2.5-4.  The  D13  low  emissions  combustor  produced  slglf leant  reductions  in 
NOx  emissions  at  takeoff  and  approach  power.  This  was  found  to  be  true  for 
a range  of  AT's  set  for  the  combustor.  However,  the  noise  increased  at 
takeoff  power  relative  to  the  standard  CF6-50  production  combustor.  This 
increase  in  noise  would  not  be  predicted  by  the  method  outlined  in  Reference 
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10,  since  only  gross  cycle  parameters  are  used,  and  these  parameters  would  be 
the  same  for  both  combustors.  A review  of  the  D13  design  Indicates  that 
the  flow  through  the  primary  combustion  zone  was  Increased  from  32%  to  67% 
oi  the  toVal  core  flow  relative  to  the  baseline.  Therefore,  the  local  velocity 
Inside  the  combustor  dome  was  considerably  higher  for  the  D13.  This  may 
explain  why  the  D13  produced  higher  noise  levels  at  takeoff  inlet  conditions. 
Using  the  current  component  correlation  (see  Figure  2.2-14)  of  V3.5,  a 100% 
Increase  In  local  velocity  would  cause  a 10.5  dB  Increase  in  noise.  However, 
since  the  burn  Is  somewhat  leaner,  the  peak  temperature  produced  is  lower, 
and  this  would  tend  to  produce  lower  noise  levels.  The  net  effect  Is  that 
the  D13  is  approximately  5 dB  higher  than  the  baseline  at  the  "take-off" 
inlet  conditions.  At  approach  Inlet  conditions,  the  noise  levels  from  the 
two  combustors  are  nearly  equal.  Since  the  air  flow  ratios  (Wdome/Wtotal) 
were  not  available  at  this  off-deslgn  condition,  no  assessment  of  the  velocity 
effect  could  be  made.  Nolse/emlsslons  results  from  other  combustors 
(References  4 and  11)  are  shown  In  Table  2.5-5.  These  data  tend  to  support 
the  D13  and  CF6-50  comparison  results.  Table  2.5-5  Indicates  no  definite 
trend  between  noise  and  emissions  as  a function  of  specific  combustor  design. 
However,  the  low  emissions  designs,  in  general,  tended  to  have  higher  noise 
levels  at  takeoff  Inlet  conditions  than  the  baseline  combustor.  It  is 
Interesting  to  note  that  1-12  had  virtually  the  same  emission  and  noise  levels 
as  the  CF6-50  combustor. 

As  evidenced  by  the  results  of  the  D13  and  other  low  emissions  combustor 
tests,  the  technique  of  Increasing  combustor  dome  flow,  thus  producing  a 
lean  burn  condition  resulting  In  lower  peak  temperatures  and  reaction  time,  to 
reduce  NO^  emissions  may  result  ±n  an  increase  in  combustor  noise.  It  is 
believed  that  the  critical  parameter  is  the  condition  of  the  reactants  In 
the  primary  combustion  zone.  The  percentage  of  flow  through  the  dome  or  the 
reference  velocity  is  not  always  a reliable  Indicator  of  this,  as  is  evidenced 
by  the  swirl-can  combustors  where  a very  large  part  of  the  dome  air  could 
sweep  past  the  primary  zone  along  the  outer  periphery.  In  contrast,  all  the 
D13  dome  air  Is  forced  through  the  primary  zone. 


2.5.4  Summary  and  Conclusions 

The  combustor  nolse/emlsslons  study  produced  no  general  quantitative 
relationship  between  noise  and  emissions.  It  was  found,  however,  that  for 
the  combustors  studied,  several  important  trends  could  be  identified: 

1.  Emissions  and  noise  can  be  correlated  using  the  same  cycle 
parameters. 

2.  The  advanced  low  emissions  combustors  studied  indicate  that  those 
with  the  lowest  emission  levels  also  produced  the  highest  noise 
level. 

3.  For  typical  engine  cycles,  the  change  In  combustor  noise  Is 
relatively  insignificant  compared  to  the  change  In  emission  levels, 
and  the  Impact  on  total  system  noise  is  minor. 
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For  low  emissions  combustors  studied,  a decrease  In  NOx  levels  at 
takeoff  was  accompanied  by  an  Increase  In  combustor  noise.  Although 
no  conclusive  data  Is  available.  It  Is  believed  that  the  noise 
Increase  was  due  to  the  higher  flow  rate  through  the  primary  com- 
bustion zone  relative  to  the  standard  (base  line)  combustor. 

Hence, the  emissions  reduction  technique  of  lean-burn-combustors, by 
Increasing  the  local  velocity  through  the  primary  combustion  zone, 
(l.e. , Increased  dome  weight  flow)  Is  a potential  cause  of  Increased 
combustor  noise. 


Table  2.5- 


Parameter 

Reference  Velocity 
Inlet  Pressure 
Inlet  Temperature 


Combustor  Nolse/Emlsslons  Trade-off 


Emissions 


Noise  NO  HC  C( 

X 


t \ \ 

t f \ 

I f \ 


Increase 


Symbols: 


I 


Decrease 


Table  2.5-2  Nolse/Emlsslons  Relationships  for  Turbofan/Turboshaft 
Growth  Cycles 


a Current  Combustor 


a 97.  Increase  in  Baseline  Thrust 


7.  Change 
in  EI„„ 


7.  Change 
in  EI„., 


7.  Change 


Takeoff 

Baseline 


Growth 


Approach 

Baseline 


Growth 


a Advanced  Combustor 


a 5.8%  Increase  in  Baseline  Thrust 


Takeoff 

Baseline 


Growth 


+14.4 


Approach 

Baseline 


Growth 


-16.0 


* Values  Negligible 

(1)  200  Ft.  Sideline  Reference 


Pi 
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Table  2.5-3  Tabulation  of  Advanced  Technology  Combustor  Configurations 


% Core  Weight 

Number  of  Flow  Thru  Primary 

Configuration  Type  Fuel  Nozzles  Combustion  Zone 


0II 

D13 

Double  Annular 

60 

67 

CF6-50 

Single  Annular 

30 

32 

01 

II-ll 

Double  Annular 

60 

73 

11-12 

Radial /Axial 

90 

82 

1-12 

Swirl  Can 

90 

76 

1-14 

Swirl  Can 

90 

82 

III-l 

Swirl  Can 

60 

85 

1-16 

Swirl  Can 

72 

85 
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Table  2.5-4  Noise/Emissions  Relationships  for  Standard  and  D13 
Combustor  Designs 

t 

( 

• Takeoff  Power 


% 


X 

"'co 

QAPWL,  dB 

Standard 

Combustor 

35.5 

0.5 

155.0 

D13 

16.8 

0.5 

160.0 

• Approach 

Power 

X 

^'co 

OAPWL,  dB 

Standard 

Combustor 

10.4 

1.6 

155.5 

D13 

8.8 

1.8 

154.5 

(1)  Reference  4 


128 


» 


Table  2.5-5  Nolse/Cmlsslons  Relationships  for  Advanced  Technology 
Combustor  Designs 


Takeoff  Approach  i 


Combustor  Type 

(1) 

OAPWL,  dB 

(2) 

(1) 

OAPWL,  dB 

(2) 

X 

Double  Annular 

155.3 

7.2 

150.4 

6.9 

Double  Annular 

154.6 

8.9 

148.7 

- 

Radial/Axial 

156.8 

8.6 

150.2 

6.4 

Swirl  Can 

155.5 

11.6 

148.5 

1.0 

Swirl  Can 

150.8 

13.0 

149.3 

4.7 

^Single  Annular 

150.4 

14.2 

149.2 

6.2 

(1)  As  Measured  In  Component  Combustor  Rig  Test 

(2)  Corrected  to  Following  Conditions: 


Takeoff 

Approach 


1477 

1134 


PSIA  Wy  lb. /sec. 


70.0 

50.0 
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36.3 

30.5 


Wf/Wa 


.0231 

.0140 


Figure  2.5-1  Effect  of  Inlet  Conditions  on  NO  Emissions,  Double  Annular  Combustor 


Effect  of  Inlet  Conditions  on  CO  Emissions,  Turbofan 


NO  Emission  Index,  lb  /lOOO  lb  - Fuel 





0 ,2  .4  .6  .8  1.0  1.2 

(46.7  P2/W3T3)(P3/230)°'^^exp(((T3-1310)/345) 

+ ((44.12-H)/373.1)))(2.184  - (f/0.022)) 


lb  /sec  , PSIA,  ^ R,  grain/lb 
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Figure  2,5-7  Effect  of  Inlet  Conditions  on  NO^  Emission,  Turboshaft  Engine 
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CO  Emission  Index,  lb  /lOOO  lb  - Fuel 


Figure  2.5-8  Effect  of  Inlet  Conditions  on  CO  Emissions,  Turboshaft  Engine 
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2.6  PREDICTION  UPDATE 


The  prediction  update  phase  of  this  program  brings  together  the  salient 
results  of  each  of  the  four  tests  discussed  In  Section  2. 2-2. 5.  The  objective 
here  is  to  modify  the  core  noise  prediction  technique, defined  In  Reference  iO, 
consistent  with  the  findings  of  this  program  and  those  available  through 
open  literature.  Consequently,  where  quantitative  results  are  available, 
they  are  evaluated  and,  where  appropriate.  Incorporated  Into  the  core  noise 
prediction  technique. 


2.6.1  Current  Status 

During  the  past  few  years, considerable  work  has  been  done,  both  experi- 
mental and  analytical.  In  the  area  of  core  engine  noise,  specifically  com- 
bustor noise.  This  volume  of  work  has  led  to  various  prediction  methods. 

Some  of  these  are  given  In  Table  2.6-1  (Reference  12).  In  addition,  much 
work  has  been  done  In  the  analytical  area  by  Strahle  (Reference  13),  Plett, 
et.  al.,  (References  14,15),  Hassan  (Reference  16)  and  others.  A large  part 
of  this  work  has  been  confined  to  combustion  noise  of  open  flames,  but  can 
combustor  noise  results  are  also  reported.  A recent  paper  by  Mathews  and 
Rekos  (Reference  17)  attempts  to  tie  a refinement  of  Strahle' s model  to 
component  and  engine  data  as  part  of  an  FAA  contract  (FA75WA-3663) . 

The  General  Electric  company  undertook  a detailed  Investigation  of  core 
engine  noise  under  Contract  FA72WA-3023.  This  program  was  completed  In  1974 
and  added  considerably  to  the  understanding  of  core  engine  noise.  Including 
low  frequency  combustor  noise.  One  major  result  of  the  combustor  noise  work 
done  under  this  program  was  a simple,  easy  to  use  prediction  technique  for 
combustor  noise  from  engines  (Reference  10).  The  OAPWL  is  predicted  using  a 
seml-emplrlcal  correlation  which  initially  yielded  three  separate  lines  for 
data  from  the  three  different  engine  types  - turboshaft,  turbojet  and  turbo- 
fan. However,  when  proper  cognizance  was  accorded  to  the  transmission  loss 
through  the  turbine  blade  rows,  the  three  lines  were  found  to  collapse  into 
a unified  line  prediction  (Reference  18).  To  complete  the  prediction, 
engine  data  were  used  to  derive  an  empirical  directivity  and  spectrum  shape. 
This  prediction  technique  has  been  substantiated  by  additional  data.  Including 
those  from  a Garrett  turboshaft  (TPE  331-201),  a Pratt  and  Whitney  low 
bypass  turbofan  (JT8D-109  refan),  and  from  several  unidentified  low  and 
high  bypass  turbofan  engines  tested  by  The  Boeing  Company  (Reference  18). 

The  problem  with  combustor  noise  prediction  is  the  multitude  of  Inter- 
acting elements  involved  (see  Figure  2.6-1).  After  the  noise  Is  generated 
In  the  vicinity  of  the  combustor.  It  must  propagate  through  turbine  blade 
rows,  the  terminating  nozzle,  and  one  or  two  jet  streams  before  radiating  to 
the  farfleld.  Initially,  only  the  first  element  was  recognized  and,  not 
surprisingly,  correlating  lines  varied  from  manufacturer  to  manufacturer  and 
from  engine  to  engine.  As  the  different  elements  were  properly  added  to  the 
analysis,  the  varied  correlations  came  closer  together.  The  approach  at 
General  Electric  has  been  to  attack  the  problem  simultaneously  from  two 
directions: 


1.  Outside,  looking  In  - farfleld  data  were  analyzed  and  correlated 
Into  a prediction  method  - the  unified  line  engine  prediction. 

The  various  elements  were  recognized  and  Included  In  the  correla- 
tion parameters,  but  the  extent  of  each  was  not  separately 
Identified. 

2.  Inside,  transmitting  out  - the  source  levels  at  the  combustor  must 
be  known,  and  the  effect  of  turbine  blade  row  and  core  nozzle 
transmission  and  propagation  through  the  jet  stream(s)  Imposed 
separately  and  sequentially  to  finally  obtain  farfleld  levels. 

The  first,  "black  box",  approach  provided  a convenient  but  accurate 
systems  tool.  However,  the  second,  "micro"  or  component  Investigation,  Is 
obviously  necessary  In  order  to  define  the  Impact  of  Internal  aero/ 
mechanical  configuration  variations  not  recognized  by  the  engine  prediction 
method  such  as  might  be  encountered  for  advanced,  low  emissions  combustors, 
multi-element  jet  suppressors,  etc. 


2.6.2  Overall  Power  Levels 


There  exists  two  mechanisms  through  which  the  combustor  can  cause  noise 
generation:  directly  due  to  the  volumetric  and  pressure  fluctuations  associ- 
ated with  the  combustion  process,  and  Indirectly  due  to  the  convection  of 
turbulence  and  temperature  non-unlformltles  Inherent  In  the  combustor  through 
the  large  pressure  gradients  Imposed  by  downstream  turbine  blade  rows.  The 
latter,  also  known  as  entropy  noise,  has  been  researched  analytically  and 
experimentally  by  several  Investigators  (for  example.  References  19  and  20) 
and  has  failed  to  Indicate  generation  of  sufficient  acoustically  significant 
perturbations.  In  fact,  study  of  this  mechanism  under  Contract  FA75WA-3663 
(to  Pratt  and  Whitney  Aircraft)  was  curtailed  when  measurements  yielded  per- 
turbations less  than  previously  estimated.  Some  other  Investigations  of 
entropy  noise, however, are  still  underway  using  NASA  funding  (Contract 
Number  NSG  3015) . This  program  concentrated  on  direct  combustor 
noise  as  the  more  viable  mechanism  of  the  two.  Note  that  all  the  prediction 
methods  shown  In  Table  2.6-1  result  from  consideration  of  the  combustion 
process  as  the  primary  acoustic  source. 

Motslnger  (Reference  21)  argued  that  the  noise  generated  could  be 
represented  as: 

Acoustic  Power  * Thermal  Power  Input  x Thermo-Acoustic  Efficiency  (2.6-1) 

The  thermal  power  Input  Is  given  by  heat  release  rate,  Q,  while  Knott 
(Reference  29)  had  shown  that  the  thermoacoustic  efficiency  for  atmospheric, 
non-premlxed,  turbulent  combustion  Is  directly  proportional  to  the  tempera- 
ture rise,  AT.  Hence, 

Acoustic  Power  » Q AT  » W (T4  - T3)^  (2.6-2) 
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where  W is  the  air  mass  flow  rate,  T3  is  the  inlet  temperature  and  T4  the 
exhaust  temperature.  Further,  through  consideration  of  engine  data,  Motsinger 
allowed  that  the  effect  of  combustion  at  higher  than  atmospheric  pressures 
and  temperatures  could  be  accounted  by  a (density) 2 term: 

Acoustic  Power  “ W (T4  - 13)^  ^^3/^0^^  (2.6-3) 

where  the  subscripts  o and  3 refer  to  ambient  and  combustor  inlet  conditions, 
respectively.  This  analysis  was  developed  further  under  Contract  FA72V.'A- 
3023  and  culminated  in  the  unified  line  correlation  which  Included  an 
allowance  for  the  turbine  attenuation  factor: 


OAPWL  = 10  log^Q  [W  (T4  - T3)2  (p3/p^)2]  - 40  log^^  [T4  - 

(2.6-4) 

where: 

OAPWL  - acoustic  power  level,  dB  re  10~^^  watt 
W - air  flow  rate,  Ib/sec. 

Tq  - temperature,  ® R 

(P3/Pq)  “ density  ratio,  combustor  inlet/ambient 
[ (T4  - temperature  drop  across  the  turbines  at  design  point,  “ R 

The  (T4  - T5)  term  representing  the  work  extraction  by  the  turbines  was 
an  outcome  of  a parametric  exercise  by  Matta  (Reference  23)  of  Bekofske's 
analysis  for  low  frequency  noise  transmission  through  turbine  blade  rows. 

It  must  be  emphasized,  however,  that  the  40  log  (T4  - T5)  cannot  be  separated 
out  and  used  as  a predictor  of  the  turbine  attenuation.  Since  it  combines 
all  four  elements  shown  in  Figure  2.6-1,  Equation  (2.6-4)  must  be  used  as  a 
whole.  When  this  is  done,  it  not  only  provides  good  agreement  for  GE  data, 
but  also  for  Garrett,  Pratt  and  Whitney,  and  Boeing  data  (Reference  18). 
Further,  recent  work  on  a combustor  noise  prediction  with  the  SAE  A21  Jet 
Noise  Subcommittee  has  revealed  good  agreement  with  Rolls  Royce  (turbofans, 
including  RB211,  and  turboshaft)  and  Allison  (turboshaft)  data. 

The  parameter, developed  by  Motsinger, is  similar  to  those  arrived  at 
independently  by  Ho  and  Tedrick  (Reference  24)  and  Grande  (Reference  9).  Ho 
and  Tedrick  used  dimensional  analysis  and  atmospheric  component  (can)  data 
to  arrive  at: 


Acoustic  Power  "v  — V4 
^4 


(T4  - T3)^  (1  + f)' 


(2.6-5) 


i: 

t 

1' 
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This  corresponds  closely  to  (2.6-2)  since  the  fuel/alr  ratio  f <<  1 and 
P4  V4/T4  D(,  "v  W/Dc,  where  D^.  is  the  combustor  height. 


Grande  exploited  the  analysis  of  Arnold  (Reference  25)  and  assumed 
stoichiometric  combustion  to  obtain: 


Acoustic  Power  '''  W (T4  - 13)^  (1+f) 


(2.6-6) 


where  L is  the  combustor  length  and  the  exponent  m Is  a small  fractional 
number.  The  length  to  height  ratio  does  not  appear  to  vary  slgnif icaptly 
from  combustor  to  combustor,  and  the  main  variables,  once  again,  are  W • 
(T4  - 13)2. 


Hence,  there  exists  considerable  justification  for  the  unified  line 
engine  prediction  method  developed  under  Contract  FA72WA-3023.  Therefore,  we 
proceed  to  the  component  prediction  method,  where  the  source  noise  and 
attenuation  terms  are  considered  separately. 


There  are  two  theories  which  attempt  to  construct  the  source  noise 
generation  through  consideration  of  actual  processes  occurring.  Both  use 
conservation  laws  to  form  Inhomogenous  wave  equations  in  which  the  fluctu- 
ating reaction  rates  due  to  a turbulent  flame  provide  the  forcing  term.  The 
theory  of  Chiu  and  Summerfield  (see  for  example.  Reference  15)  is  exact  in 
retaining  all  the  processes  occurring.  The  theory  and  solution  of  Strahle 
(Reference  5)  provides  a considerable  simplification  by  assumption  of  a 
velocity  source  as  the  prime  contributor  - thereby  eliminating  the  pressure 
or  explosive  fluctuations  from  consideration  - and  by  ignoring  the  space 
derivatives  or  convection  terms.  The  Strahle  theory  yields  the  result  that 
the  acoustic  perturbation  is  given  by  the  volume  integral  of  the  time 
derivative  of  the  heat  release  rate  at  retarded  time,  the  integration  being 
over  the  reacting  volume  Vq: 


p'  (r,t)  -v 


(2.6-7) 


The  first  terra  of  the  Chiu  and  Summerfield  theory  is  similar  except  that  it 
also  includes  the  effect  of  propagation  through  the  temperature  differentials 
between  the  reaction  zone  .and  the  surrounding  fluid. 


The  volume  integral  of 
integral: 


equation  (2.6-7)  can  be  converted  into  a surface 


p’  (r,t) 


P o 
47rr 


h do 


(2.6-8) 
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The  integrals  cannot  be  evaluated  because  of  Insufficient  knowledge  of  the 
turbulence  structure  in  the  reaction  zone.  However,  scaling  laws  can  be 
derived  and  Strahle  and  Shlvshankara  (Reference  13)  suggest  that  the  acoustic 
power  for  a combustor  can  Is  given  by: 

2 2 

Acoustic  Power,  P A A <Un  > w-  (2.6-9) 

’ corr.  can  “ c 

where  * 

Acorr.  ” correlating  area  (for  the  fluctuating  quantities) 

A^an  ~ can  exit  area 
2 

<U  > - velocity  fluctuations,  normal  to  the  flame  surface,  due  to 
differential  heating 

(j}q  - characteristic  frequency  of  the  fluctuations 
After  some  simplification,  the  authors  arrive  at: 


P A 

can 


''3*  f'* 


(2.6-10) 


where 

V3  - incoming  velocity 

a - constant  varying  from  0 (lean  burn)  to  1 (rich  burn) 

H - heating  value  of  fuel 

Cp  - coefficient  of  specific  heat  at  constant  pressure 

The  fact  that  the  exponent  on  the  fuel  term  can  vary  has  been  independently 
verified  by  General  Electric  (see  Figure  2.6-2,  reproduced  from  Reference 
3).  One  of  the  assumptions  psed  by  the  authors  is  to  define  the  characteris- 
tic frequency  through  dimensional  analysis  as  a function  of  the  incoming 
velocity,  V3,  and  the  liner  hole  size,  Aj,, 


0) 


c 


corr. 


or 


(2.6-lla) 


(2.6-llb) 
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where  Re  is  the  Reynolds  number.  If,  on  the  other  hand.  It  can  be  seen  Is 
Invarlent  with  flow,  as  has  been  observed  on  occasion,  then  equation  (2.6-10) 
will  reduce  to 


P -x-  A 

can 


(2.6-12) 


Mathews  and  Rekos  (Reference  17)  have  provided  a somewhat  different 
treatment  of  Strahle's  basic  equation  to  arrive  at: 


(2.6-13a) 


(2.6-13b) 


where 


Ab  - total  burner  area 
Nf  - number  of  fuel  nozzles 

Equations(2. 6-10)l  and  (2.6-13)  are  similar,  since  they  both  start  with 
Strahle's  basic  formulation  and  use  similar  assumptions  to  derive  the 
scaling  laws.  The  big  differences  are  the  Inverse  dependency  on  the  number 
of  fuel  nozzles  used  in  the  combustor,  the  area  to  the  second  power,  and  the 
Inlet  density  terms. 


The  authors  of  Reference  17  combine  equation  (2.6-13)  with  a transmission 
loss  model  to  obtain  an  OAPWL  prediction  method  for  both  component  and 
engine  data.  The  transmission  loss  mechanisms  considered  are  a combustor/ 
duct  coupling  and  the  propagation  through  the  turbines.  The  former  is  the 
ratio  of  the  area  over  which  the  combustor  noise  pressure  fluctuations  are 
correlated  at  the  combustor  turbine  Interface  t9  the  total  area.  The  authors 
suggest  that  0.2  Is  a good  value  and  hence 

TLj  - 10  log  , 7 dB  (2.6-14) 

^exit 

The  turbine  loss  Is  modeled  by  representing  the  turbines  as  a surface  of 
discontinuity  In  characteristic  Impedance,  pc.  Assuming  a plane  wave,  the 
loss  Is  obtained  as  a function  of  the  ratio,  F,  of  the  upstream  pc  to  the 
turbine  exhaust  pc: 
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The  model  ignores  the  flow  and  the  blade  turning  which,  it  is  believed,  is 
a serious  omission.  For  typical  engines,  this  relationship  predicts  turbine 
losses  of  1 to  5 dB.  This  is  much  smaller  than  actually  measured  for 
turbines  under  NASA  Contract  NAS3~1943S.  Also,  comparison  of  CF6  componeiit 
and  engine  power  levels  indicates  a combined  nozzle  and  turbine  loss  of  about 
15  dB  (Reference  18).  On  the  other  hand,  the  duct  coupling  transmission 
loss  would  appear  to  be  double  bookkeeping  since  the  analysis  already 
assumes  that  each  of  the  Nf  fuel  nozzles  functions  as  a totally  uncorrelated 
source. 

The  duct-coupled  component  data, acquired  under  FA72WA-3023  (Reference  1), 
are  compared  to  the  proposed  prediction  method  and  are  considerably  higher 
than  predicted  (Figures  2.6-3  and  2.6-4).  Clearly,  a 7 dB  combustor/duct 
coupling  loss  cannot  be  accommodated.  Also,  the  data  trends  - noise  versus 
correlating  parameter  - are  different  for  the  two  combustors,  and  there  are 
systematic  differences  between  the  varying  flow  rates. 

The  prediction  method  works  a little  better  on  General  Electric  engine 
data  since  the  errors  made  in  the  two  transmission  loss  models  are  self- 
compensating.  Unfortunately,  the  data  cannot  be  collapsed  fully,  as  is 
shown  in  Figure  2.6-5.  The  turboshaft  data,  in  particular,  deviate  con- 
siderably (10  to  12  dB)  from  the  prediction  line. 

A brief  summation  is  in  order  here.  The  analysis  of  Mathews  and  Rekos 
(Reference  17)  provides  a clever  and  innovative  treatment  of  Strahle's 
basic  combustor  noise  equation.  The  analysis  yields  an  OAPWL  prediction 
which  appears  to  collapse  Pratt  and  Whitney  component  and  engine  data.  The 
authors  necessarily  have  to  make  certain  assumptions  and  simplifications 
about  the  combustion  process,  in  order  to  arrive  at  a viable  prediction 
method,  and  some  of  these  are  apparently  violated  by  General  Electric  com- 
bustors. Also,  some  reservations  must  be  expressed  about  the  transmission 
loss  models. 

Grande  (Reference  9)  was  the  first  to  recognize  that  combustor  noise 
is  subject  to  transmission  losses  while  propagating  to  the  farfleld.  He 
postulates  and  approximates  the  losses  due  to  the  turbines  and  the  exhaust 
nozzle  as: 


TL 


turb 


^Pr^0-072(N-1) 


(2.6-16) 


and 


TL 


nozzle 


(Tg/To) 
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where 


N - number  of  turbine  stages 

Pr  - pressure  ratio  across  the  turbines 

T^/Tq  - temperature  ratio  across  the  turbines 

Tq/Tq  - temperature  ratio  across  the  exhaust  nozzle 

His  analysis  Is  based  on  the  changes  In  specific  Impedance  and  Strouhal 
number,  and  for  the  turbine,  recognizes  the  high  Mach  number  existing  at 
the  exit  from  each  stationary  blade  row. 

Grande's  transmission  loss  formulations  are  approximate.  The  loss 
through  turbine  blade  rows  Is  being  Investigated  analytically  and  experi- 
mentally at  General  Electric  under  Contracts  NAS3-19435  and  20027.  One  of 
the  analytical  models  Is  described  In  Reference  3.  The  model  Indicates 
that  the  rotational  speed  is  relatively  unlmportantt  and,  therefore,  the 
results  can  be  extended  to  the  case  of  the  exhaust  nozzle  which  Is  simply 
an  accelerating  passage  with  no  turning.  Assuming  that  the  sound  is  incident 
In  the  form  of  a plane  wave,  the  transmission  loss  can  be  obtained  as: 


nozzle 
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(2.6-17) 


where  the  subscripts  0 and  8 represent  ambient  and  nozzle  exit  conditions, 
respectively.  Using  a perfect  gas  assumption  and  y • 1.4,  the  equation 
further  reduces  to  the  following  static  temperature  ratios: 


nozzle 


(2.6-18) 


The  current  analytical  model  utilizes  an  actuator  disk  assumption.  Therefore, 
all  frequency  dependence  is  lost.  This  effect  becomes  significant  only 
when  (u)a/C),  where  'a'  is  a characteristic  dimension,  becomes  very  small. 
Hence,  the  frequency  dependence  is  a factor  only  for  multi-element  exhaust 
as  was  explained  earlier  in  Section  2.3.  For  the  no  flow  case,  it  is  well 
known  (see,  for  example.  Reference  6)  that  the  transmission  loss  varies  as 


TL  (w)  -x- 


‘-(f) 


(2.6-19) 


where  m = 1 for  planar  elements 

=•  2 for  circular  elements 
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If  It  can  be  assumed  that  this  loss  can  be  superimposed  on  the  nozzle 
loss  defined  by  (2.6-17),  then  the  additional  transmission  loss  for  multi- 
element nozzles  beyond  that  for  an  equivalent  conical  nozzle  can  be  defined 
by: 


nozzle 


10  log 
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element 


(2.6-20) 


It  Is  apparent  that  while  the  analytical  investigation  of  combustor 
noise  Is  not  sufficiently  advanced  to  yield  exact  models  for  either  the 
transmission  losses  or  source  noise,  there  Is  general  agreement  on  some 
essential  elements.  For  example,  considering  the  source  noise  generation, 
the  message  Is  clear:  the  acoustic  power  generated  by  a combustor  Is  a 
function  of  the  flow  rate,  the  thermal  energy  Input,  Inlet  conditions,  and 
the  burner  area.  However,  the  exact  functional  relationship  remains  to  be 
resolved.  Independent  variation  of  these  parameters  is  Impossible  In  an 
engine,  and  thus  component  data  must  be  used. 


Let  us  start  with  a basic  source  noise  prediction  model: 


P -v  a“  V®  (T4  - 13)''^  P3*  13^ 


(2.6-21) 


The  results  of  the  D13  parametric  test  (Section  2.2)  suggest  that  with 
V = Vgef,  6 = 3.5,  Y = 1,  6 » 1- 5,  e « -1.5.  Dimensional  analysis  can  be 
used  to  show  that  the  dimensionless  groupings  to  be  used  here  are  (P/  P3 
A/RT3,  (Vgef / •^RTs) • and  (T4  - T3)/T3.  Since  the  area  term  appears  only  in 
the  acoustic  power  grouping,  then  a = 1.  Using  A = Aj^gf  (the  area  used  to 
derive  Vgef)  equation  (2.6-21)  gives: 


P ARef 


VRef^*^  (T4  - T3) 


(2.6-22) 


Note  the  close  correspondence  to  the  Strahle  analytical  scaling  law  which 
can  be  written  as: 


P Ar 


VRg/  (T4  - 13)^® 


(2.6-23) 


The  comparison  of  equations  (2.6-22)  and  (2.6-23)  would  suggest  a meaQ^ value 
of  a <■  0.5  for  the  D13  component  data.  That  brings  up  an  Interesting 
detail,  one  of  potential  significance  to  the  next  generation  of  low  emlssl^v^ 
combustors.  The  current  family  of  combustors  utilize  single  fuel  nozzles  \ 
with  approximately  30  to  35Z  of  the  total  air  participating  in  the  primary 
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f 

I 
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combustion  due  to  constraints  at  the  low  (approach)  power  settings.  The 
net  result  Is  a slightly  rich  primary  zone  at  full  power,  while  the  approach 
power  burn  Is  slightly  lean.  According  to  Strahle,  the  value  of  the  exponent 
"a"  should  then  vary  between  0 and  1 over  the  range  of  power  settings. 
However,  use  of  dual  nozzle  systems  as  In  the  Experimental  Clean  Combustor 
Program  permits  optimization  of  the  primary  zone  over  the  entire  operating 
region  and,  as  discussed  In  the  nolse/emlsslons  section,  this  means  lean  burn 
at  all  pov’er  settings.  Hence  there  should,  theoretically,  be  some  reduction 
In  the  exponent  on  (T4  - T3). 


Unfortunately,  as  long  as  the  conditions  at  the  combustor  exit  are 
employed  In  the  correlation.  It  Is  Impossible  to  determine  the  condition 
(lean  or  rich)  of  the  primary  zone.  This  suggests  the  use  of  local  parameters 
such  as  the  peak  local  velocity,  Vl,  which  Is  defined  by  the  peak  temperature 
attained  In  the  primary  zone. 


(ki  W ) R (T3  + ATl) 


(2.6-24) 


where  (K^  W)  gives  the  amount  of  air  participating  In  the  primary  combustion, 
(ATl)  local  or  peak  temperature  rise  and  Is  a function  of  the  primary 

zone  fuel/alr  ratio,  and  Al  Is  the  local  area.  A reasonable  assumption 
here  might  be  to  take  as  the  ratio  of  the  combustor  dome  flow  to  the 

total  combustor  flow  and  Al  as  the  area  associated  with  the  dome  flow. 

These  local  parameters  were  used  In  a relationship  similar  to  equation 
(2.6-21)  and  the  exponents  determined  for  the  D13  and  Experimental  Clean 
Combustor  Program  data  through  a multiple  correlation  routine.  The  results 
are  shown  In  Figure  2.6-6.  The  D13  correlating  line  Is  given  by 


P P3  Vl^‘^ 


(2.6-25) 


Since  Vl  Is  a function  of  T3  and  the  temperature  rise,  these  terms  do  not 
appear  explicitly  In  the  correlation  anymore.  The  data  for  the  double 
annular,  radial  axial,  and  the  baseline  CF6-50  combustor  are  collapsed  by 
this  relationship.  But  the  swlr 1-can  combustor  data  form  a separate  grouping 
unto  themselves.  Table  2.5-3  shows  that  the  value  of  used  for  these  was 
around  0.8  or  higher.  A close  examination  of  the  swlrl-can  configurations 
reveals  that  a significant  portion  of  the  dome  air  enters  at  the  outer 
periphery  and  sweeps  past  the  primary  zone  without  participation.  Assuming 
that  Ki  could  be  adjusted  appropriately,  the  swlrl-can  data  would  move  to 
the  left,  closer  to  the  correlating  line,  as  shown  In  Figure  2.6-6. 

The  detailed  Information  required  to  avail  of  (2.6-25)  as  a prediction 
method  Is  frequently  Impossible  to  determine.  In  an  attempt  to  produce  a 
more  practical  correlation,  a local  reference  velocity  was  postulated  based 
on  Inlet  conditions  only  but  still  using  the  local  area  and  participating 
air: 


I 


148 


(Ki  W ) RT3 
P3  Al 


(2.6-26) 
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The  corresponding  correlation  obtained  is  shown  in  Figure  2. 6.-7 
and  is  given  by: 
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(2.6-27) 


Once  again,  good  correlation  is  found,  except  for  the  swirl-can  data  for 
the  same  reason  as  before:  a significant  portion  of  the  dome  air  bypasses 
the  primary  combustion  zone. 

There  is  little  doubt  that  (2.6-25)  or  (2.6-27)  produces  more  exact 
noise  predictions,  ^ all  the  local  properties  were  known.  Considering  the 
problems  in  determining  Ki  and  the  like,  only  equation  (2.6-22)  can  provide 
a viable  prediction  method  for  source  noise  levels. 

The  D13  data  all  represent  Internal  measurements  made  in  the  immediate 
vicinity  of  the  combustor.  Hence  there  is  some  question  if  these  represent 
true  sound  levels  which  would  be  radiated  to  the  farfield.  Two  sets  of 
farfield  acoustic  data  were  acquired  during  Contract  FA72WA-3023,  using 
full  scale  annular  combustor  assemblies  operating  at  atmospheric  conditions 
(see  Reference  1) . These  data  were  found  to  collapse  fairly  well  uging 
equation  2.6-22)  as  is  shown  in  Figure  2.6-8.  The  somewhat  large  data 
scatter  is  due  to  the  large  off-design  excursions  in  the  combustor  operation 
during  the  atmospheric  tests.  The  correlating  line  is  given  by 

OAPWL  = 10  log  |ARef  VRgf^'^  (T4  - T3)|  + Constant  (2.6-28) 

The  agreement  obtained  is  particularly  important  in  that  it  indicates 
that  (1)  the  noise  generation  by  combustors  exhausting  to  ambient  conditions 
is  representative  of  that  obtained  from  combustors  operating  at  elevated 
pressures,  and  (2)  the  data  recorded  during  the  D13  parametric  tests,  and 
during  the  preceding  Experimental  Clean  Combustor  Program  (References  3 
and  11)  are  valid  acoustic  measures.  This  added  considerably  to  the  data 
base  that  could  be  used  in  the  nolse/emlsslons  study. 

The  component  correlation  was  then  used  on  the  engine  data  available 
to  General  Electric.  The  results  are  shown  in  Figure  2.6-9.  All  the  data 
collapsed  on  two  lines:  with  the  turboshaft  engines  all  falling  on  one 
line  5 to  10  dB  below  the  component  data  and  the  turbojet  and  turbofan 
engines  on  the  other  line  some  15  to  20  dB  below  the  component  data.  The 
two  engine  lines  are  parallel,  but  differ  in  slope  from  the  component  line. 
Because  of  the  unknown  effects  of  the  turbine  and  nozzle  transmission  loss 
phenomena,  it  would  be  fruitless  to  carry  the  analysis  any  further  at  this 
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time.  Work  In  the  area  of  low  frequency  noise  transmission  through  turbine 
blade  rows  Is  currently  progressing  under  NASA  Contracts  NAS3-19435  and  20027. 

The  component  (rig)  and  engine  correlating  parameters  may  appear  to  be 
quite  different  on  the  surface,  when  In  fact  due  to  the  engine  cycle 
operating  constraint  they  are  quite  similar.  Consider  the  two  relationships: 


Rig:  OAPWL  VRef^-^  (T4  - T3)  (AR^f) 

Engine:  OAPWL  W (T4  - 13)2 


(2.6-29a) 

(2.6-29b) 


Rearranging  terms  In  the  rig  correlation: 


OAPWLRig  -v  W (T4  - T3)  VRgf^-^  P3°-^ 


(2.6-30a) 


or  OAPWLRig  '''  W (T4  - T3)  VRef^‘^  ('’3  3^' (2.6-30b) 


It  can  be  shown  for  a wide  range  of  engines  that  Vr^^  *(^4  “ ^3^ 
Substituting  Into  the  above  equation  gives 


OAPWLRig 


W (T4  - T3)2  ) 


(2.6-31) 


-x-  OAPWL 

Engine  1.5 


Over  the  normal  operating  range  of  an  engine  the  last  term  does  not  vary 
considerably,  especially  when  considering  the  unknown  transmission  loss 
effect.  Hence  the  engine  and  rig  correlation  can  be  considered  to  be 
roughly  equivalent. 

The  data  acquired  on  the  turboshaft  and  turbofan  engines  during  this 
program  (Section  2.4)  was  Incorporated  Into  the  data  base  for  the  OAPWL 
correlation  shown  In  Figure  2.4-39.  Good  agreement  was  obtained,  reinforcing 
the  general  applicability  of  the  unified  line  correlation.  Further  valida- 
tion of  the  prediction  method  Is  being  provided  through  the  SAE  A21  Jet 
Noise  Subcommittee.  Until  work  Is  completed  on  the  turbine  blade  row 
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' i transmission  investigation,  the  unified  line  correlation  will  remain  the 

I only  viable  power  level  predictor  for  engine  combustor  noise. 

I 


> 2.6.3  Spectrum  Shape 

, r 

' The  measured  engine  data  taken  under  this  contract  suggests  that  core 

r noise  peaks  between  315  and  500  Hz  which  is  in  agreement  with  previous 

measurements  taken  by  GE  (Reference  10)  and  others  (References  5 & 9). 

Further,  the  peak  frequency  does  not  appear  to  shift  significantly  with 
engine  size  as  Indicated  by  comparison  of  the  turboshaft  and  turbofan  data 
taken  under  this  contract,  where  both  engines  Indicated  a peak  frequency  of 
I 315-400  Hz 'but  differed  significantly  in  combustor  size.  Note  that  the 

probe  data  are  being  used  here  for  the  turbofan  engine  for  reasons  explained 
earlier.  Figure  2.4-37  shows  the  power  level  spectra  measured  on  the 
turbofan  engine  test  compared  to  the  engine  spectra  from  Reference  10 
peaked  at  315  Hz.  The  agreement  is  very  good.  Further,  as  shown  in  Section 
2.4,  Figures  2.4-4  thru  -8,  the  turboshaft  engine  data  also  substantiates 
the  low  frequency  end  of  the  recommended  spectrum  shape  when  peaked  at  400  Hz. 

One  anomaly  is  the  combustor  rig  data  (Section  2.2)  which  indicates  a 
peak  frequency  occurring  between  630  and  1000  Hz.  These  results,  however, 
do  not  include  the  modifying  effects  of  the  turbine  nozzle  exit  or  refraction 
effects  at  the  jet  exhaust  and  were  acquired  with  a very  different  end 
termination.  Therefore  it  is  difficult  to  assess  the  meaning  of  the  higher 
peak  frequency  and  the  likelihood  that  low  emission  combustors  when  installed 
i in  engines  will  display  the  higher  frequency  spectrum. 

i Mathews  and  Rekos  (Reference  17)  proposed  the  peak  frequency  model  for 

I shown  in  Figure  2.6-10.  The  peak  frequencies  for  the  turboshaft  and  turbofan 

engines  tested  under  this  program  are  compared  to  the  prediction  line.  The 
agreement  with  the  CFM56  data  is  pretty  good,  however,  the  T700  is  under 
j predicted  by  one  1/3  octave  band.  Also,  the  component  data  acquired  under 

> FA72WA-3023  (Reference  1)  are  in  disagreement  with  the  prediction,  as  are 

F the  data  from  Engine  A (Reference  18).  While  this  model  might  work  on 

I Pratt  and  Whitney  combustors,  it  cannot  correlate  data  from  GE  combustors. 

I The  general  core  noise  spectrum  shape  recommended  in  Reference  10  has 


been  substantiated  by  the  engine  data  acquired  under  this  program  and 
others.  Further  the  peak  frequency  appears  to  be  400  Hz,  plus  or  minus  one 
third  octave  band  and  this  finding  is  also  substantiated  by  others 
(Reference  9).  It  is  therefore  recommended  that  the  current  core  noise 
spectrum  shape,  shown  in  Figure  2.6-11  be  maintained  without  alteration, 
at  least  for  conventional  combustors.  There  is  some  indication  that  low 
emission  combustors  will  peak  at  higher  (630  to  1000  Hz)  frequencies.  A 
test  of  an  engine  Incorporating  such  a combustor  would  be  useful  as  the 
sound-separation  probe  could  be  utilized  to  extract  the  combustor  noise 
spectrum. 


2.6.4  Directivity 


The  results  of  the  engine  and  scale  model  tests  conducted  under  this 
program  suggest  that  the  current  assumed  core  noise  directivity,  derived  In 
Reference  1,  may  not  apply  at  all  frequencies.  The  mean  directivities 
Indicated  by  the  engine  tests  are  reproduced  In  Figure  2.6-12  thru  2.6-15  and 
compared  to  the  scale  model  low  frequency  nozzle  directivity  test  results 
at  selected  frequencies.  The  trends  observed  for  the  engine  data  are 
substantiated  by  the  scale  model  data.  The  lower  frequencies  tend  to  have 
directivity  patterns  resembling  jet  noise  while  the  higher  frequency 
directivity  field  shapes  are  similar  to  those  seen  on  previous  single  flow 
engine  tests.  Further,  the  directivity  patterns  appear  to  be  Independent 
of  engine  power  setting.  However,  the  frequencies  do  not  scale  with  the 
nozzle  diameters  as  would  be  suggested  by  some  analyses  (see  Reference  26, 
for  example).  Instead,  the  scaling  Is  more  like  (denglne/^model)^,  where 
n = 1/2. 

The  agreement  between  the  scale  model  and  engine  directivity  pattern 
Indicates  that  the  convection/refraction  effects  Imposed  by  the  dual  flow 
jet  are  an  Important  factor.  Therefore  a change  In  the  current  directivity 
pattern,  which  Is  frequency  Independent,  Is  recommended.  Lack  of  a suf- 
ficient analytical  modeling  suggests  using  an  empirical  formulation  based 
on  the  engine  test  results.  Table  2.6-2  contains  the  recommended  directivity 
Indices  as  a function  of  frequency.  It  should  be  noted  that  these  new  In- 
dices apply  only  to  dual  flow  systems.  The  current  directivity  patterns 
should  be  maintained  for  single  flow  systems  until  such  time  that  a com- 
prehensive set  of  directivity  Indices  for  a single  flow  engine  can  be 
measured  utilizing  the  coherence  technique  or  similar  procedure. 


2.6.5  Implementation  of  Prediction  Methods 

The  prediction  of  combustor  noise  Is  separated  Into  two  categories: 
component  and  engine.  The  component  prediction  Is  based  on  the  correlation 
derived  from  the  parametric  tests  conducted  under  this  program.  (See  Section 
2.2).  The  overall  power  level  calculation  Is  made  using 


OAPWL  = 10  log  [(P3/T3)^-^  (T^  - T3)  ARg^]  + 

51.8  dB  re  : 10“13  watts 


Where 


P3  * combustor  Inlet  total  pressure  'v-  psia 

T3  = combustor  Inlet  total  temperature  - “R 

T^  = combustor  exit  total  temperature  - ®R 

2 

ARgf  = maximum  combustor  cross-sectional  area  In. 
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reference  velocity  defined  as 


V 


Ref  “ 


W3  RT3 

VRef  * pj  ARef 

W3  “ total  combustor  air  flow  lb /sec 

The  engine  prediction  Is  the  same  as  that  derived  in  Reference  18  with  the 
exception  of  a new  set  of  directivity  Indices.  The  overall  power  level  Is 
calculated  by: 


OAi‘VJL  = 10  log  tW3  (T4  - T3)2  (P3/Po)2]  -40  Log^o  ^'^4  “ ^5)Degj^gjj 

171  dB  re:  10"13  watts 

where  the  nomenclature  Is  described  above  and  (T4  - T5)Design  is  the  total 
temperature  drop  across  the  high  and  low  pressure  turbines  at  the  cycle 
design  point.  The  power  spectrum  Is  then  determined  using  the  T64  spectrum 
shape  shown  in  Table  2.6-3.  From  the  1/3  octave  band  power  levels  a space  - 
averaged  sound  pressure  leyel  Is  calculated  for  any  arc  of  Interest.  The 
far-fleld  sound  pressure  levels  are  calculated  by  adding  the  appropriate 
directivity  Index,  shown  in  Table  2.6-2,  to  the  space  averaged  level. 

These  sound  pressure  levels  must  then  be  adjusted  for  air  attenuation  and 
ground  absorption  effects  for  the  appropriate  arc  radius.  Figure  2.6-16 
shows  a flow  chart  for  Implementing  this  prediction  procedure. 
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Table  2.6-1  Compilation  of  Parameters  Used  to  Compute  Low  Frequency  Core  Noise 


(1)  205.5  + 10  log(Bj^Bq;)  (2)  (-15  for  annular,  -6  for  can  or  can-annular )+5  dB 

(3)  76  + corr.  for  combustor  type,  engine  directivity  (4)  200  ft.  SL,  110°  (5)  1 m.  radius 


Table  2.6-2  Reconunended  Core  Noise  Directivity  Indices  for  Dual  Flow 
Exhaust  Systems 

1/3  O.B.  . , ^ T 1 ..  r. 

„ Angle  to  Inlet,  Degrees 

Frequency, 

Hz 40  50  60  70  80  90  100  110  120  130  140 

50  -4.0  -3.8  -3.2  -3.0  -2.7  -2.0  -0.8  +0.8  +3.0  +5.0  +7.0 

63  -4.0  -3.8  -3.2  -3.0  -2.7  -2.0  -0.8  +0.8  +3.0  +5.0  +7.0 

80  -4.0  -3.8  -3.2  -3.0  -2.7  -2.0  -0.8  +0.8  +3.0  +5.0  +7.0 

00  -4.0  -3.8  -3.2  -3.0  -2.7  -2.0  -0.8  +0.8  +3.0  +5.0  +7.0 

25  -6.5  -5.8  -5.0  -4.0  -3.0  -1.5  0 +1.8  +4.0  +5.0  +5.0 

60  -6.5  -5.8  -4.5  -3.5  -2.5  -1.5  0 +1.5  +3.5  +4.8  +6.0 

200  -6.5  -5.8  -5.0  -4.5  -4.0  -3.0  -1.8  +1.0  +3.5  +5.5  +6.5 

250-10K  -10.0  -8.5  -6.5  -4.5  -2.5  -0.5  +1.0  +2.5  +5.0  +4.5  +3.5 


Table  2.6-3  Tabulation  of'  Recommended  Engine  Core  Noise  Spectrum  Shape 


1/3  O.B.  Frequency,  Hz 

SPL  - Peak  Frequency  SPL,  dB 

50 

-24.0 

63 

-20.0 

80 

-16.0 

100 

-13.0 

125 

-10.0 

160 

-7.0 

200 

-4.5 

250 

-2.5 

315 

-1.0 

400 

0 

500 

-1.0 

i 

630 

-2.5 

800 

-4.5 

i 1 

1000 

-7.0 

1250 

-10.0 

! 

I 1600 

-13.0 

> 

2000 

-16.0 
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‘ 1 

1 

3150 
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■ 1 

1 4000 
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5000 
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Figure  2,6-2  Effect  of  Fuel/Air  Ratio  on  Overall  Power  Level 
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Figure  2.6-6  Combustor  Noise  Correlation  based  on  Rig  Data 
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Figure  2.6-8  Combustor  Noise  Correlation  based  on  Indoor  and 
Outdoor  Component  Data 
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Figure  2,6-15  Core  Noise  Directivity  at  1250  Hz  for  Typical  Approach  Condition 


Figure  2.6-16  Flow  Chart  for  Core  Noise  Prediction 
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SECTION  3.0 


TURBINE  NOISE 


3.1  BACKGROUND 

System  studies  (Reference  28)  and  analysis  of  existing  data  Indicate 
that  the  turbine  Is  and  will  remain  a significant  contributor  to  the  farfleld 
noise  signature  of  the  commercial  aviation  fleet.  In  order  to  enhance  the 
understanding  of  turbine  noise  and  Identify  methods  for  Its  reduction,  the 
Initial  Core  Engine  Noise  Control  Program  efforts  (Reference  10)  were 
directed.  In  part,  towards  the  development  of  an  analytical  prediction 
procedure  which  would  Incorporate  the  effect  of  the  pertinent  aero-mechanlcal 
design  details,  such  as  the  blade  row  spacing  and  vane  lean.  The  value  of 
an  analytical  procedure  which  has  the  potential  of  Identifying  means  of 
source  noise  reduction  Is  enhanced  by  the  Interest  in  energy-efficient 
noise  suppression  techniques. 

This  analytical  procedure  for  turbine  tone  noise  generation  gave 
excellent  results  for  the  last  stage  of  a three  stage  turbine  (see  Figure 

3.1- 1).  However,  the  analysis  yields  the  acoustic  power  level  at  the 
source  and  does  not  recognize  the  part  played  by  downstream  blade  rows 
through  which  the  noise  must  propagate.  Comparison  of  predicted  'source' 
levels  for  upstream  blade  row  tones  with  the  actual  levels  measured  down- 
stream of  the  last  stage  Indicated  significant  transmission  loss  occuring 
through  the  Intervening  blade  rows.  A controlled  test  to  measure  the 
actual  attenuation  experienced  was  obviously  needed. 

The  major  efforts  thus  far  have  been  directed  towards  turbine  discrete 
frequency  noise.  However,  comparison  of  farfleld  noise  spectra  from  engines 
with  and  without  acoustic  treatment  in  the  core  reveals  substantial  broadband 
noise  contribution  (Figure  3.1-2).  Investigators  have  largely  ignored  this 
noise  component  partly  due  to  problems  in  discerning  and  separating  turbine 
broadband  noise  from  fan  and  jef  noise  In  the  case  of  engine  tests  using 
farfleld  measurements,  and  partly  due  to  the  difficulty  In  separating  sound 
and  turbulence  signals  in  the  case  of  engine  or  component  tests  utilizing 
Internal  measurements.  Recently,  however,  using  correlation  techniques. 
General  Electric  demonstrated  the  ability  to  extract  true  sound  levels  by 
rejecting  the  convected  turbulence  component.  This  technique  was  conven- 
iently Incorporated  into  the  noise  attenuation  test  mentioned  In  the  pre- 
ceding paragraph. 

The  Core  Engine  Noise  Control  Program  also  revealed  that  the  passage 
of  turbine  tones  through  the  exhaust  jet  stream  turbulence  resulted  In 
scattering  of  the  discrete  frequency  energy,  mainly  Into  adjacent  sidebands. 
This  broadening,  or  haystacking,  of  the  tonal  energy  content  (see  Figure 

3.1- 3)  suggested  a means  of  noise  "suppression"  through  reduction  In  the 
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tone  (PNLT)  correction.  A limited  set  of  engine  data  yielded  a first-cut 
prediction  method  In  terms  of  the  velocity  of  the  outer  jet  stream.  Analyti- 
cal studies  conducted  under  the  same  contract  have  Identified  significant 
parameters  In  this  propagation  phenomenon  as  turbulence,  mixing  zone  thick- 
ness, tone  frequency,  velocity  ratio,  and  Intensity  and  micro-scale  of 
turbulence.  Unfortunately,  the  complexity  of  the  mechanism  precluded  any 
quantification  of  the  results  in  terms  of  convenient  engine  parameters.  A 
parametric  test  series  was  thought  to  be  necessary  to  complete  the  Investi- 
gation. 

This  section  describes  the  efforts  directed  towards  extending  the 
turbine  noise  technology  in  these  three  areas.  Two  test  series  were  con- 
ducted: 

i 

(1)  Turbine  tests  utilizing  a three  stage  and  a single  stage  con- 
figuration of  a low  pressure  turbine  rig. 

(2)  Model  tests  of  a dual  flow  arrangement  with  simulated  turbine 


noise  generation. 


3-stage  Turbine 


Quiet  Engine  "A" 

Fully  Suppressed  Fan 
Approach  Power 
120°  Angle  to  Inlet 
150  ft  (45.7  m ) Arc 


Farfield  Narrowband  Spectrum  Showing  "Haystack 
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3.2  TURBINE  TONE  ATTENUATION  AND  BROADBAND  NOISE 
3.2.1  Objectives 

Turbine  component  tests  have  proved  to  be  a valuable  tool  in  the 
investigation  of  turbine  noise  (Reference  1).  The  Warm  Air  Turbine  Rig 
(WATR)  facility  was  therefore  employed  to  test  a three  stage  turbine  in  a 
single  stage  (first  stage  alone)  and  then  in  a three  stage  configuration, 
with  the  twin  objectives  of  determining: 

(1)  the  attenuation  experienced  by  the  first  stage  blade  passing  tone 
as  It  passed  through  the  two  downstream  stages,  and 

r 

[ (2)  the  broadband  noise  spectrum  and  level  generated  by  the  turbine. 


3.2.2  Test  Description 

Facility  and  Turbine  Hardware 

i The  test  was  conducted  in  General  Electric's  Warm  Air  Turbine  Facility, 

which  is  shown  schematically  in  Figure  3.2-1.  The  facility  can  accommodate 
vehicles  ranging  from  a minimum  hub  diameter  of  14  In. (35.6  cm)  to  a maximum 
tip  diameter  of  32  in, (81.3  cm),  with  operational  capabilities  up  to  15,000 
HP  (1186  kW)  at  15,000  rpm. 

Maximum  air  supply  consists  of  80  Ib/sec  (36.3  kg/sec)  at  1560°  R 
(866°  K),  and  150  psia  (1034  kJJ/m^  abs.)«  This  air  is  delivered  from  the 
Central  Air  Supply  System  of  the  Component  Test  Complex,  consisting  of  an 
arrangement  of  five  multistage  centrifugal  compressors  driven  by  synchronous 
motors  through  speed  Increasing  gears.  Staging  these  compressors  In  series 
or  parallel  or  using  them  as  exhausters  provides  the  various  modes  of 
operation  normally  required  for  turbine  testing.  The  compressor  discharge 
air  can  be  directed  through  various  auxiliary  systems  providing  air  that  is 
filtered  to  ten  micron  particle  sl^e,  dried  to  530°  R (216°  K)  dewpoint, 
heated  indirectly  with  steam  to  710°  R (450°  K),  or  heated  Indirectly  with 
natural  gas  to  1560°  R (866°  K),  depending  on  turbine  requirements.  The 
tests  conducted  under  this  program  were  run  at  inlet  conditions  of  40  psia 
(275.8  kN/m^)  and  760°  R (422°  K)  which  are  well  within  the  normal  operating 
ranges  of  the  facility. 

After  leaving  the  air  heater,  the  air  passes  through  a porous  metal 
filter,  a flow  straightening  section  and  a circular  arc  Venturi  before 
entering  the  cell  inlet  piping  system.  The  circular  arc  Venturi  provides 
an  accurate  measurement  of  the  inlet  airflow  rate.  Prior  to  entering  the 
vehicle  inlet,  the  air  passes  through  an  18  Inch  (45. 7 cm)  hydraulically 
I actuated  butterfly  valve  used  for  emergency  shutoff  and  then  an  Inlet 

plenum  which  contains  flow  straightening  screens  and  egg  crates  which  were 
specially  designed  to  smooth  out  flow  disturbances  and  provide  a uniform 
stream  to  the  test  vehicle.  The  Inlet  plenum  bolts  directly  to  the  vehicle 
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I 
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forward  frame  and  is  located  on  a wheeled  dolly  for  rapid  removal  for 
access  to  the  vehicle  inlet. 

Air  enters  the  first  stage  nozzle  through  a convergent  bellmouth 
section.  Turbine  discharge  air  leaves  through  a constant  annular  passage 
and  expands  into  a discharge  plenum  designed  to  provide  a uniform  circumfer- 
ential pressure  distribution.  As  the  air  exits  the  vehicle  it  is  discharged 
into  a large  exhaust  scroll.  A 42  in.  (107  cm)  exhaust  pipe  leaves  the 
exhaust  scroll  and  ducts  the  discharge  air  back  to  the  vacuum  header  in  the 
Central  Air  Supply  System. 

The  generated  turbine  horsepower  is  extracted  by  means  of  a high  speed 
waterbrake  coupled  to  the  turbine  shaft  by  flexible  couplings  and  a short 
spool  piece.  This  waterbrake  design  provides  excellent  speed  stability 
throughout  the  entire  turbine  operating  map. 

For  protection  against  overspeed  and  excessive  temperature  or  vibra- 
tions, a two-level  trip  system  is  used.  The  level  1 trip  is  signaled  by  an 
overspeed.  Level  2 trip  is  signaled  by  excessive  bearing  temperatures  or 
vibrations,  or  critical  support  system  temperatures  or  pressures.  The 
turbine  facility  control  console  is  located  in  the  Test  Cell  Control  Room. 
All  necessary  controls  and  critical  turbine  or  facility  monitoring  instru- 
mentation are  strategically  located  to  enable  two  man  control  of  the  entire 
test  facility.  This  feature  is  a direct  result  of  the  utilization  of 
analog  closed-loop  control  circuits  for  setting  and  maintaining  all  prime 
speed,  discharge  pressure,  and  rotor  net  thrust;  which  can  all  be  maintained 
automatically  at  pre-set  values. 

The  selection  of  the  Highly  Loaded  Fan  Turbine  (HLFT-IVA)  was  based  on 
the  turbine's  capability  of  being  operated  as  both  a single  and  three-stage 
machine.  This  low  pressure  turbine  (LPT)  is  a highly  loaded  design  with  a 
large  number  of  blades  in  all  three  stages.  It  is  part  of  an  on-going 
research  and  development  program  at  General  Electric  and  as  such,  represents 
the  advanced  technology  in  fan  turbine  design.  Figures  3.2-2  and  3.2-3 
provide  cross-sectional  views  of  the  single  and  three  stage  builds.  Design 
characteristics  for  both  builds  of  the  low  pressure  turbine  are  shown  in 
Table  3.2-1,  along  with  some  pertinent  airfoil  design  details  in  Table 
3.2-2. 


The  three-stage  build  consists  of  a set  of  116  pre-swirl  vanes  with 
radial  trailing  edges  which  orient  the  flow  into  the  first  stage  stator  at 
about  a 25®  angle  to  simulate  the  conditions  at  the  exit  of  an  HP  turbine. 
The  average  annulus  area  at  the  inlet  measuring  plane  is  92  in.^  (594  cm^). 
The  turbine  discharge  area  is  370  in.^  (2387  cm^)  in  the  constant  annular 
section  which  is  essentially  the  same  as  at  the  exit  to  the  third  stage 
rotor. 


When  the  LP  turbine  is  run  as  a single  stage,  the  last  two  stages  are 
removed  and  both  inner  and  outer  exhaust  casings  are  replaced  with  different 
casings  which  form  a smooth  transition  from  first  stage  rotor  exit  to 
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turbine  vehicle  discharge.  The  exhaust  annulus  Is  straight  and  has  an  area 
of  187  In.^  (1206  cm^)  at  the  measuring  planes.  Tlie  rotor  exit  area  for 
the  single  stage  Is  161.7  ln.2  (1043  cm^)  which  represents  a 15%  area 
contraction  from  the  measurement  to  rotor  exit  plane. 

The  turbine  vehicles  are  supported  by  forward  and  aft  frame  assemblies 
which  mount  directly  Into  the  air  turbine  facility.  The  forward  frame 
assembly  consists  of  a 10  strut  frame  and  outer  and  Inner  flowpath  casings. 

Each  of  the  10  struts  contain  leading  edge  Instrumentation  elements.  Five 
struts  contain  five  total  pressure  elements  and  five  struts  contain  five 
total  temperature  elements  located  at  centers  of  five  equal  annular  areas. 

The  aft  frame  assembly  consists  of  a 12  strut  frame  and  outer  and 
Inner  flowpath  casings.  The  aft  frame  mounts  directly  to  the  facility 
discharge  plenum. 


Instrumentation 

The  performance  of  the  HLFT-IVA  has  been  mapped  previously  on  an  IR&D 
program,  therefore,  the  only  aerodynamic  Instrumentation  required  for  this 
test  series  were  total  pressure  and  temperature  rakes  upstream  and  static 
rakes  downstream  In  order  to  establish  the  operating  point. 

The  acoustic  Instrumentation  consisted  of  four  casing-mounted  trans- 
ducers upstream  and  two  casing-mounted  and  four  probe-mounted  transducers 
downstream  (see  Figures  3.2-2  and ’3.2-3).  The  sensors  were  used  In  pairs 
with  axial  spaclngs  of  1 In.  (2.54  cm)  between  the  paired  transducers. 

Kullte  transducers  were  used  In  each  case  and  were  exposed  directly  to  the 
perturbations  In  order  to  preserve  phase  Information  for  later  correlation 
analysis.  The  resulting  sound-separation  probe  constitutes  a unique  piece 
of  hardware  and  Is  shown  In  Figures  3.2-4  and  3.2-5.  The  casing  mounts  are 
shown  In  Figure  3.2-6. 

Figure  3.2-7  provides  a layout  of  the  Instrumentation  In  the  form  of 
an  unwrapped  casing.  The  acoustic  sensors  were  clustered  at  two  diametri- 
cally opposite  locations. 

An  on-line  calibration  of  the  Kullte  systems  was  performed  frequently 
during  the  course  of  the  tests  to  determine  changes  In  transducer  sensitivity 
at  operating  temperature  and  to  maximize  the  use  of  the  tape  recorder 
dynamic  range. 

The  Kullte  signals  measured  In  the  vehicle  In  the  test  cell  were 
amplified  prior  to  being  transmitted  to  the  recording  equipment  to  ensure 
proper  signal  strength.  A schematic  Illustrating  the  general  setup  of  the 
acoustic  data  acquisition  system  for  this  program  Is  shown  In  Figure  3.2-8. 
All  the  data  were  recorded  on  magnetic  tape  using  a Sangamo  Sabre  IV  28 
channel  recorder  having  a dynamic  range  of  48  dB  and  a flat  frequency 
response  to  40  kHz.  The  data  acquisition  and  recording  system  for  these 
acoustic  tests  was  set  up  In  the  A.C.  mode  to  record  the  fluctuating  pressure 
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measurements  between  110  to  160  dB  from  the  Kullte  sensors.  An  end-to-end 
phase  check  calibration  was  made  of  the  entire  system  \dille  In  the  D.C. 
mode,  which  accounted  for  Individual  component  sensitivities  and  responses 
(l.e.,  transducer,  amplifier,  tape  recorder,  and  leadout  cables).  This 
ensured  accurate  recorded  levels  when  the  system  was  operated  In  the  A.C. 
mode  during  a data  run. 

The  coupling  with  the  digital  system  performed  two  valuable  functions: 
(1)  accurate  on-line  auto-spectra  could  be  obtained  to  monitor  the  acoustic 
performance  and  (2)  the  data  were  digitized  and  recorded  on  disks  which 
Improved  the  available  dynamic  range  to  about  70  dB.  The  latter  was  an 
important  consideration  for  the  broadband  noise  levels  as  some  data  Indicate 
that  the  turbine  tones  can  have  as  much  as  60  dB  slgnal-to-nolse  ratio, 
meaning  that  at  least  that  much  dynamic  range  Is  required  to  accommodate 
both  the  broadband  and  discrete  frequency  levels. 


Test  Matrices 

Acoustic  data  were  acquired  at  Che  test  matrix  points  of  Table  3.2-3. 
Inlet  conditions  were  maintained  at  40  psla  (275.8  kN/m^)  and  760°  R 
(422°  K)  and  the  speed  ranged  from  50%  to  110%  design  value.  The  pressure 
ratio  was  varied  from  1.6  to  2.5  for  the  single  stage  build  and  2.0  to  5.2 
for  the  three  stage  build.  In  each  case,  the  test  matrix  provided  a com- 
bination of  5 speeds  and  4 pressure  ratio  settings.  A total  of  20  points 
were  set  on  the  single  stage  configuration,  including  16  different  test 
conditions  and  4 repeats,  and  19  on  the  three  stage  configuration.  Including 
16  different  test  conditions  and  3 repeats. 


3.2.3  Data  Reduction  and  Results 


The  turbine  tone  levels  were  obtained  directly  from  auto-spectra. 

However,  the  broadband  levels  were  determined  through  sound-separation  In 
order  Co  eliminate  the  Influence  of  Che  turbulence  pseudo-sound.  The 
principle  and  process  involved  In  sound-separation  was  explained  previously 
in  Section  2.4.  Also,  In  the  case  of  the  broadband  noise,  theuipstream 
sensors  were  used  to  check  If  the  dominant  acoustic  levels  were  associated 
with  Che  turbine  or  Che  facility.  The  former  was  found  to  be  the  case  In 
every  Instance. 

Typical  auto-spectra  for  both  builds  are  provided  In  Figures  3.2-9 
and  3.2-10.  Two  spectra  are  shown  In  each  figure.  Both  spectra  of  Figure 

3.2- 9  are  from  the  wall-mounted  sensors  - K5  and  K6  (see  Figure  3.2-7), 
while  Figure  3.2-10  provides  a comparison  between  a wall-  and  a probe-mounted 
sensor  (K6  and  K9).  There  appears  to  be  no  significant  difference  between 
the  sensors  as  far  as  Che  tone  levels  are  concerned.  However,  the  broadband 
levels  below  10  kHz  are  significantly  lower  for  the  wall  Kullte  (Figure 

3.2- 10).  This  Is  almost  entirely  due  to  Che  differences  In  flow  turbulence 
seen  by  the  two  sensors;  the  wall  Kulltes  were  shielded  by  Che  casing  bounrary 
layer. 


Typical  turbine  broadband  spectra  are  shown  In  Figures  3.2-11  and 
3.2-12.  The  sound-separation  Indicates  that  the  turbulence  and  acoustic 
perturbations  are  of  about  the  same  order  of  magnitude ,ln  that  ,the  acoustic 
levels  lie  1 to  10  dB  below  the  auto-spectrum.  However,  the  acoustic  signal 
dominates  the  OASPL,  particularly  at  operation  near  the  design  point. 

The  single  stage  spectrum  of  Figure  3.2-11  clearly  peaks  at  the  blade 
passing  tone.  The  spectrum  of  the  three  stage  turbine  also  peaks  at  one  of 
the  blade  passing  tones,  although  the  peak  Is  not  as  pronounced.  The  peak 
tends  to  shift  towards  the  BPF  second  harmonic  at  off-deslgn  points;  this 
will  be  discussed  at  greater  length  In  Section  3.2.5. 

The  broadband  spectra  were  converted  to  1/3  octave  band  levels  and  then 
to  power  levels,  and  are  tabulated  In  Appendix  C.  The  conversion  from  SPL  to 
PWL  Included  area  and  flow  corrections  as  noted  In  Section  2.4.  Tone  power 
levels  were  computed  similarly  and  are  also  Included  In  Appendix  C. 


3.2.4  Analysis  of  Turbine  Tone  Attenuation  Data 

Figure  3.2-13  shows  how  the  attenuation  was  determined  for  each  speed 
line.  The  tone  power  levels  were  plotted  as  a function  of  the  first  stage 
pressure  ratio.  The  tone  level  Is  controlled  by  the  pressure  ratio  and 
turbine  speed,  and  therefore  this  ensured  a constant  source  level  comparison. 
(It  was  assumed  that  the  addition  of  the  second  stage  nozzle  contributed 
very  little  to  the  BPF  power  level  at  the  source  (see  Reference  5)  through 
the  resultant  rotor-nozzle  Interaction).’  The  difference  between  the  power 
level  measured  downstream  of  the  single  and  three  stage  builds  was  then 
simply  the  attenuation  due  to  the  second  and  third  stages.  These  attenua- 
tions are  plotted  as  a function  of  the  turbine  speed  and  pressure  ratio  in 
Figure  3.2-14.  The  attenuation  clearly  Increases  with  the  speed  except  for 
one  data  point;  110%  N/VT,  2.0  P . The  computed  attenuations  for  the  70% 
speed  points  are  very  small.  This  suggests  either  that  the  mechanism  involved 
behaves  like  a step  function  and  has  negligable  effect  below  this  speed,  or 
that  the  additional  noise  source  provided  by  the  interaction  of  the  first 
stage  rotor  with  the  second  stage  nozzle  (RIN2)  contributes  to  the  BPF  power 
level. 


The  attenuation  of  low  frequency  noise  by  turbine  blade  rows  was  ac- 
counted for  by  a work  extraction  term  (Reference  6).  Therefore,  the  tone 
attenuations  were  plotted  as  a function  of  the  temperature  drop  through  the 
two  stages  responsible  for  the  attenuation.  The  results  are  shown  In  Figure 
3.2-16.  The  attenuation  does  appear  to  Increase  with  4T  near  the  design 
pressure  ratio.  However  the  trend  Is  reversed  for  small  AT,  perhaps  due  to 
the  Increasing  Incidence  at  these  extreme  off-deslgn  points.  The  analysis  of 
low  frequency  noise  through  turbine  blade  rows  (Reference  6)  Indicates  that 
Incidence  will  be  a factor  beyond  a ci^rtaln  range. 


The  dominating  parameter  here  Is  undoubtedly  the  turbine  speed  - 
causing  Increases  In  attenuation  of  10  to  20  dB  over  the  operating  range 
(50  to  110%  It  can  be  argued  that  this  Is  an  acoustic  baffling 

effect  attributable  to  the  physical  obstructions  presented  by  each  rotating 
blade  row,  since  the  frequencies  of  interest  here  are  such  that  the  propagat- 
ing sound  "recognizes"  the  Individual  airfoils  and  flow  passages.  In 
contrast,  the  attenuation  of  low  frequency  (combustor)  noise  is  a consequence 
of  the  Impedance  and  flow  Mach  number  change  across  each  blade  row,  and  the 
effect  of  wheel  speed  is  negligible  (Reference  7). 

The  attenuation  was  correlated  against  the  wheel  speed,  work  extraction 
and  Incidence  angle  using  a multiple  regression  analysis  and  an  lndex»  of 
determination  of  0.85  was  obtained  with 


A - 98.9  log^Q  [%N//f]  + 13.4  log^^  (AT) 
+ 5.6  log^Q  [|i+7.5| ] - 217.5 


(3.2-1) 


where  A = PWL  attenuation,  dB 

(AT)  = total  temperature  drop  through  the  second  and  third  stages,  ° R 

1 = incidence  angle  into  the  tip  of  the  second  stage  rotor,  deg. 

The  values  used  in  the  regression  analysis  are  given  in  Table  3.2-4. 

It  should  be  cautioned  that  this  correlation  is  strictly  valid  only 
over  the  range  of  speeds  used  here.  Extrapolations  to  very  low  speeds,  for 
example,  could  yield  negative  values,  which  is  impossible.  Also,  it  should 
be  realized  that  the  A computed  using  (3.2-1)  is  a conservative  (low)  estimate 
in  that  the  noise  contribution  from  the  second  interaction  (RIN2),  has  not 
been  factored  in  as  was  explained  earlier. 


The  Influence  of  the  speed  Is  derived  from  two  different  effects  and 
they  are  apparently  additive.  First,  an  Increase  In  speed  corresponds  to 
an  Increase  In  the  tone  frequency.  Using  dimensional  analysis,  this  can  be 
represented  by  (t/X)  where  t Is  the  blade  pitch  (passage  width)  and  X the 
acoustic  wavelength.  Note  that 

2Tr(t/X)  = 2tt  — - Strouhal  number 
c 

= kt  - Wave  number  representation 

Second,  for  a given  frequency,  the  physical  obstruction  presented  by  the 
rotating  blades  Increases  with  speed.  The  proper  representation  Is  through 
(Uj/c)  or  M-p,  the  blade  tip  Mach  number. 

Therefore,  for  a given  AT,  the  attenuation  Is  a function  of  (kt,  Mj). 
These  two  combined  produce  about  a 100  log(rpm)  effect.  The  explicit 
dependence  on  the  two  must  be  extracted  through  a parametric  test. 


183 


3.2.5  Turbine  Broadband  Noise 


Figure  3.2-17  shows  two  broadband  noise  signals  for  the  single  stage 
build  at  design  speed;  one  at  the  "design"  pressure  ratio  and  the  other  at 
a far  off-design  point.  The  design  point  spectrum  has  a pronounced  peak  at 
the  BPF,  while  the  off-design  spectrum  is  fairly  flat.  This  is  typical  of 
the  entire  speed  range.  The  effect  becomes  somewhat  more  obvious  when  the 
broadband  spectra  are  reduced  to  1/3  octave  band  values,  normalized  with 
respect  to  the  BPF  level 
blade  pitch  and  speed: 

frequency  x pitch  _ 
wheel  speed 


where:  B = 

D = 

N = 

BPF  = 

Typical  results  are 
be  seen  to  peak  at  the  blade  passing  frequency  (BPF)  at  settings  near  the 
design  point.  However,  at  extreme  off-design  operation,  the  spectrum  tends 
toward  a peak  in  the  region  of  the  second  harmonic  of  the  BPF.  These 
conditions  generally  correspond  to  high  incidence  angles,  which  would 
result  in  skewed  viscous  wakes  (Figure  3.2-20)  containing  higher  harmonic 
energy  content.  This  suggests  that  in  turbines  not  only  the  discrete 
frequency,  but  also  the  broadband  noise  is  controlled  by  viscous  wake 
interaction. 

It  would  appear  then,  that  acoustic  energy  shifts  from  the  BPF  to  the 
second  harmonic  with  increasing  incidence  angle  and  would  explain  the 
observed  change  in  spectral  shape  from  takeoff  to  approach  power  for  Quiet 
Engine  "C"  (Figure  3.2-21). 

The  pronounced  peak  of  the  single  stage  build  is  not  repeated  in  the 
broadband  noise  spectra  for  the  three  stage  build  (see  Figures  3.2-17  and 
3.2-22)  as  there  are  no  less  than  five  viscous  wake  interactions  contribut- 
ing to  the  measured  noise:  the  spectral  overlap  obfuscating  the  individual 
trends.  Hence  the  shift  to  a flatter  spectrum  with  off  design  operation 
is  not  as  obvious  as  in  the  case  of  the  single  stage  turbine.  The  spectrum 
for  a multi-stage  turbine  should  peak  at  the  BPF  of  the  stage  that  is 
dominant.  Since  the  dominant  stage  is  a combined  function  of  the  pressure 
ratio,  which  determines  the  source  levels,  and  speed,  which  determines  the 
attenuation,  the  peak  shifts  with  operating  point.  Generally,  the  peak 


and  plotted  against  a Strouhal  number  based  on  the 
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shown  in  Figures  3.2-18  and  3.2-19.  The  noise  can 
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occurs  at  the  first  stage  BPF  at  low  pressure  ratios  and  speeds,  and  at  the 
last  stage  BPF  at  high  pressure  ratios  and  speeds.  This  is  consistent  with 
the  fact  that  the  pressure  ratio  for  the  succeeding  stages  increases  at  a 
proportionally  faster  rate  than  for  the  first  stage. 

Normalized  1/3  octave  band  spectra  are  shown  in  Figure  3.2-23,  with 
(a)  defining  the  speed  effect  and  (b)  the  pressure  ratio  effect. 

Figure  3.2-2A  provides  a spectral  overlay  for  the  single  and  three 
stage  builds  at  the  turbine  design  point.  The  three  stage  build  was  actually 
quieter  by  some  12  to  15  dB  even  though  first  stage  is  doing  the  same  work 
in  both  cases.  The  reason, no  doubt, lies  in  the  large  noise  attenuation  due 
to  the  turbine  blade  rows.  The  attenuation  due  to  each  additional  stage 
more  than  offsets  the  additional  noise  source  Introduced  and  the  net  effect 
is  a significantly  quieter  turbine.  This  makes  a good  case  for  front- 
loaded  turbines  over  uniformly  loaded  ones. 

The  broadband  noise  power  levels  were  computed  and  correlated  against 
pertinent  performance  parameters.  The  results  for  the  single  stage  build 
are  shown  in  Figures  3.2-25  through  3.2-28.  In  general,  the  pressure  ratio 
provided  the  most  consistent  trends  (Figure  3.2-25),  the  noise  increasing 
at  about  a 40  log  (pressure  ratio)  rate  at  constant  speed.  This  figure 
also  shows  the  noise  to  be  a minimum  at  design  speed  - with  small  Increases 
with  change  in  speed  in  either  direction. 

Figure  3.2-26  provides  the  correlation  with  blade  relative  Mach  number. 
Use  of  the  value  at  the  tip  or  at  the  hub,  where  the  Mach  number  is  the 
highest,  produces  exactly  the  same  trends.  There  is  an  increasing  trend 
with  relative  velocity  for  the  two  lowest  pressure  ratios  (1.6  and  1.9). 
However,  the  most  prominent  feature  at  the  tw.o  higher  pressure  ratios  (2.2 
and  2.5)  is  the  pronounced  dip  in  noise  at  the  design  speed  point.  It  is 
not  clear  if  this  can  be  attributed  to  the  turbine  or  to  the  facility,  that 
is  whether  this  was  a source  or  a propagation  phenomenon. 

The  correlations  with  tip  speed  (Figure  3.2-27)  and  rotor  incidence 
angle  (Figure  3.2-28)  yield  trends  remarkably  similar  to  the  preceding. 

Note  that  the  incidence  angle  correlation  is  analagous  to  one  with  the 
rotor  turning  angle  since  the  exit  angle  is  relatively  invar lent. 

The  corresponding  three  stage  build  results  are,  as  in  the  case  of  the 
spectral  shape,  confused  by  the  multitude  of  contributing  sources  and  the 
absence  of  clear  domination  by  any  individual  stage. 

The  correlations  with  the  first  stage  and  turbine  pressure  ratios  are 
shown  in  Figure  3.2-29.  On  an  overall  basis,  there  is  a small  Increase  in 
noise  with  pressure  ratio  at  constant  speed.  On  an  individual  speed  line 
basis,  the  noise  versus  pressure  ratio  line  for  each  speed  becomes  increas- 
ingly flatter  going  from  70%  N//r  to  110%  N/*^.  This  could  be  a reflection 
of  the  change  in  relative  contribution  by  the  three  stages  to  the  overall 
spectrum.  For  example,  at  70%  speed  the  tone  attenuation  results  indicate 
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relatively  small  attenuation  of  the  first  stage  noise  (~70/S  dB).  The 
attenuation  Increases  to  over  30  dB  at  110%  speed.  Hence  the  relative 
contributions  from  each  stage  can  be  expected  to  change  with  speed,  as  Is 
Illustrated  schematically  In  Figure  3.2-30. 

The  same  slope  variation  with  speed  line  Is  discernible  In  the  relative 
Mach  number  correlations  provided  In  Figure  3.2-31.  It  Is  Interesting  to 
note  that  when  the  relative  velocity  Into  the  first  stage  rotor  Is  used, 
the  110,  100,  90,  and  70%  speeds  separate  out  Into  different  lines  going 
from  left  to  right.  When  the  relative  velocity  Into  the  second  or  third 
stage  rotors  Is  used,  the  110,  100,  and  90%  lines  almost  merge  together, 
while  the  70%  speed  line  stands  alone  and  shifts  to  the  left  relative  to 
the  other  speed  lines. 

The  corresponding  relative  velocity  correlations  at  constant  turbine 
pressure  ratio  are  shown  in  Figure  3.2-32.  The  only  consistent  relationship 
is  provided  by  the  relative  velocity  Into  the  first  stage  rotor  - the  noise 
increases  with  both  turbine  pressure  ratio  and  velocity. 

The  correlation  with  blade  tip  speed  Is  exemplified  by  Figure  3.2-33. 
Except  for  the  lowest  P^,  there  is  some  Indication  that  the  noise  decreases 
with  speed.  The  correlation  with  Incidence  angle  Is  confused  and  Is  not 
sho\/n  here. 

The  common  denominator  between  the  single  and  three  stage  results  Is 
the  relative  velocity  into  the  first  stage  rotor  and  the  pressure  ratio. 

For  the  three  stage  build  the  first  stage  and  turbine  pressure  ratio  yield 
similar  results.  In  general,  the  broadband  PWL  increases  with  both  pressure 
ratio  and  relative  velocity. 

However,  since  the  single  stage  correlations  suggest  that  relative 
velocity,  tip  speed,  or  turning  angle  (or  incidence)  can  be  used  inter- 
changeably, in  the  case  of  domination  by  any  individual  stage,  the  data  may 
be  correlated  by  a pressure  ratio  term  In  combination  with  any  of  the  other 
three. 


3.2.6  Summary  and  Conclusions 

The  significant  results  from  the  HLFT-IVA  turbine  tests  are  summarized 
below. 

• Comparison  of  the  downstream  noise  levels  for  the  single  and 

three  stage  results  Indicates  significant  Insertion  loss  due  to 
the  second  and  third  stages.  Both  the  discrete  frequency  and 
broadband  noise  levels  associated  with  the  first  stage  were 
attenuated. 


j 


I 


■i 


ii 


186 


f 

i 


• The  tone  levels  showed  that  the  Insertion  loss  was  a function  of 
the  speed,  work  extraction,  and  the  Incidence  angles  associated 
with  the  second  and  third  stages.  The  speed  was  the  most  domi- 
nant parameter,  perhaps  because  It  Included  the  Incident  tone 
frequency  and  baffling  tip  speed  effects.  The  Insertion  loss 
varied  from  5 dB  at  50%  speed  to  over  30  dB  at  110%  speed. 

• The  reduction  of  the  first  stage  noise  by  the  second  and  third 
stages  more  than  compensated  for  the  additional  noise  sources 
associated  with  these  two  stages.  Consequently,  the  three  build 
was  quieter  than  the  single  stage  build  with  the  first  stage 
operating  at  the  same  condition  In  each  case. 

• Sound-separation  was  successfully  employed  to  extract  the  turbine 
broadband  levels. 

• The  single  stage  broadband  noise  spectral  results  showed  a pro- 
nounced peak  at  the  BPF  near  design  operating  points,  with  a 
large  shift  In  energy  to  the  BPF  second  harmonic  region  at  off- 
deslgn  conditions.  The  resultant  flattening  of  the  spectrum  for 
off-deslgn  conditions  Is  consistent  with  observations  from  engine 
data. 

• The  three  stage  spectral  results  did  not  show  any  pronounced 
peaks,  possibly  because  of  the  multiplicity  of  the  contributing 
sources  and  attenuating  blade  rows.  Small  peaks  could  be  dis- 
cerned at  one  of  the  three  BPF's  at  most  points,  but  there  was  no 
clear  domination  by  any  Individual  stage. 

• The  broadband  noise  OAPWL  was  found  to  correlate  with  pressure 
ratio  and  relative  velocity  Into  the  first  stage  rotor,  generally 
Increasing  with  both.  The  three  stage  noise  data  correlated  with 
both  the  pressure  ratio  for  the  first  stage  and  for  the  turbine. 
In  the  case  of  the  single  stage  build,  the  relative  velocity,  the 
tip  speed,  and  blade  turning  angle  (or  Incidence)  proved  to  be 
analogous  parameters. 

• The  single  stage  results  also  suggest  that  deviation  from  design 
point  could  be  a parameter. 
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Table  3.2-1  HLFT-IVA  Design  Characteristics 


Wt.  Flow  Function, 

p 

1 

Stage 

2 

3 

Overall 

32.08 

Loading, 

3.52 

3.12 

1.60 

2.70 

ZU 

P 

Pressure  Ratio 

(Total) 

1.73 

1.81 

1.41 

4.72 

Speed,  H/Zi 

- 

- 

- 

152 

Nozzles  Vanes 

100 

144 

140 

- 

Rotor  Buckets 

206 

190 

160 

- 

Radius  Ratio 

0.811 

0.735 

0.663 

- 

Tip  Diameter  at 
Exit  (in) 

Stage 

25 

27.2 

28.8 

(cm) 

(63.5) 

(69.1) 

(78.2) 

- 
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Table  3.2-2  HLFT- IVA 

resign  Details 

(Pltch- 

! 

• FPS 

Units 

f 

f 

Stage 

1 

2. 

3 

• 

Stator  Vane 

Stagger  Angle  (deg) 

31.5 

25 

17.5 

Chord  (In) 

1.280 

0.890 

0.986 

Blade-to-.'Uade  Pitch 

0.943 

0.507 

0.534 

Camber  Angle  (deg) 

89.8 

110.4 

99.8 

Tmav/Axlal  Chord  (%) 

14.06 

9.17 

7.63 

■ 

• 

Rotor  Blade 

Stagger  Angle  (deg) 

16 

14 

13 

Chord  (in) 

0.565 

0.644 

0.676 

' 

Blade- to-Blade  Pitch 

0.345 

0.390 

0.470 

Camber  Angle  (deg) 

112.5 

110.3 

83.6 

_ 

■ 

Tmax/Axial  Chord  (Pet) 

11.10 

12.04 

9.91 

1 

• 

Blade-Row  Axial  Spacing 

i 

Vane-Blade  Spacing  (in) 

0.29 

0.34 

0.32 

. 

' 

Blade-Vane  Spacing  (in) 

0. 

33  0. 

36 

, 

• 

Flow  Area  at  Acoustic 

J 

Measuring  Sections 

3-Stage  Rig 

’ 

Inlet  Area  (In^) 

92 

Exit  Area  (in^) 

370 

1-Stage  Rig 

Inlet  Area  (in^) 

92 

Exit  Area  (in2) 
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Table  3.2-2  HLFT-IVA  Design  Details  (Pitch-line) 
• MKS  Units 


Stator  Vane 

Stage  Angle  (deg) 

Chord  (cm) 

Blade-to-Bl?.de  Pitch  (cm) 
Camber  Angle  (deg) 
Tmax/Axlal  Chord  (%) 


Rotor  Blade 

Stagger  Angle  (deg) 

Chord  (cm) 

Blade-to-Blade  Pitch  (cm) 
Camber  Angle  (deg) 
Tmax^Axlal  Chord  (%) 


Blade-Row  Axial  Spacing 

Vane-Blade  Spacing  (cm) 
Blade-Vane  Spacing  (cm) 


Flow  Area  at  Acoustic 
Measuring  Sections 
3-Stage  Build 

Inlet  Area  (cm^) 
Exit  Area  (cm^) 


1-Stage  Build 

Inlet  Area  (cm^) 
Exit  Area  (cm^) 


Table  3.2-3  Low  Pressure  Turbine  Test  Matrix 
(HLFT-IVA) 

• Design  Speed,  N/t'^f  * 152.2 

• Flow  Function,  W/i^/P  ■ 32.0 

2 

• Inlet  Absolute  Total  Pressure  Pq  > 40  psla  (275.8  IcN/m  } 

• Inlet  Total  Temperature,  Tg  ■ 760“  R (422 “K) 


Pressure  Ratio  (Pto/Ps2) 

X Design  Speed  Single  Stage  Build  Three  Stage  Build 


Speed 

(rpm) 

1.6 

1.9 

2.2 

2.5 

2.0 

3.0 

4.0 

5.2 

50 

2098 

X 

- 

- 

- 

X 

- 

- 

- 

70 

2937 

X 

X 

X 

- 

X 

X 

X 

- 

90 

3776 

X 

X 

© 

X 

X 

© 

X 

X 

100 

4196 

X 

© 

© 

© 

X 

X 

X 

© 

110 

4615 

X 

X 

X 

X 

X 

© 

X 

X 

o Repeat  Points 
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Figure  3.2-4  Water-cooled  Sound  Separation  Probe 


X-Ray  Photograph  of  Water-Cooled  Sound  Separation  Probe 


1.0"  3.25" 

■ ^ ^ 

(2.54  cm)  (8,26  cm) 
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Figure  3.2-8  Acoustic  Data  Acquisition  System 
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HLFT-IVA  Turbine 


Autospectra  for  Single  Stage  Configuration 


• HLFT-IVA  Turbine 

• 1007.  NA^  , 5.2 

• Probe  and  Wall-Mounted  Sensors  (K9  and  K6) 


Autospectra  for  Three  Stage  Configuration 


HLFT-IVA  Turbine 
100%  N/Vt"  , 2.2 
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Figure  3.2-11  Downstream  Broadband  Noise  for  Single  Stage  Configuration 


Figure  3.2-12  Downstream  Broadband  Noise  for  Three  Stage  Turbine 


Pressure  Ratio  at  Rotor  Exit 


T-IVA  Turbine 

id  Symbols  Denote  Single  Stage 
n Symbols  Denote  Ist-Stage  of  3 Stage 


Trends 


Attenuation  as  a Function  of  Work  Extraction  and  Speed 


• Single  Stage  Build 

• 40  Hz  Bandwidth 

• 100%  n/Vt" 


SPL  - BPF  SPL  , dB  SPL  - BPF  SPL 


• Single  Stage  Build 

• One  Third  Octave  Band  Data 
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Figure  3.2-19  Variation  of  Broadband  Noise  Spectrum  with  !j 

Speed  for  the  Single  Stage  Build  ‘j 
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Figure  3.2-20  Viscous  Wake  Variation  with  Operating  Point 
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Broadband  Noise  Attenuation  by  Second  and  Third  Stages 
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Broadband  Noise  Correlation  with  Stage  Pressure  Ratio 
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Figure  3.2-26  Single  Stage  Build  Broadband  Noise  Correlation 
with  Blade  Relative  Mach  Number 
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Single  Stage  Build 


Single  Stage  Build  Broadband  Noise  Correlation  with  Tip  Speed 
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Figure  3.2-28  Single  Stage  Build  Broadband  Noise  Correlation  with  Incidence  Angle 
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Figure  3.2-30  Schematic  of  Changes  in  Overall  Noise  Trend  due 
to  Varying  Blade  Row  Attenuation 
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• Three  Stage  Build 
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Figure  3.2-32  Three  Stage  Build  Broadband  Noise  Correlation  with 
Relative  Mach  Number  (at  Constant  Pressure  Ratio) 


Three  Stage  Build 


3.3  TURBINE  TONE/JET  STREAM  INTERACTION  TESTS 


3.3.1  Objectives 


A parametric  study  of  the  analytical  model  for  turbine  tone  scattering 
by  Jet  stream  turbulence  Identified  tone  frequency,  jet  velocities,  and 
turbulence  properties  as  significant  parameters  (Reference  29).  The  objec- 
tives of  these  model  tests  were  to: 

(1)  Parametrically  exercise  the  tone  frequency,  fan  velocity  and  jet 
velocity  to  individually  define  the  effects  of  frequency,  velo- 
city, and  velocity  ratio. 

(2)  Vary  and  establish  the  effect  of  turbulence  properties  through: 

(a)  Change  in  the  axial  position  of  the  outer  (fan)  jet  exhaust 
relative  to  the  inner  (core)  exhaust. 

(b)  Use  of  turbulence  generators  placed  on  the  cowls. 

Since  farfleld  information  was  to  be  obtained  simultaneously  at  all  angles, 
a third  objective  could  be  accomplished  without  much  additional  effort: 

(3)  Indicate  the  effect  of  the  above  variations  on  turbine  tone 
directivity. 


3.3.2  Test  Description 

The  testing  was  accomplished  concurrently  with  the  Low  Frequency  Noise 
Directivity  Tests  described  in  Section  2.3.  A description  of  the  facility 
is  included  in  that  section.  The  siren  used  to  simulate  the  combustor 
noise  was  also  used  to  simulate  turbine  noise.  The  frequency  range  of 
interest  here  was  much  higher  (greater  than  3.15  kHz)  and  therefore  a rotor 
with  60  slots  was  required  instead  of  the  one  with  20  slots  used  for  com- 
bustor noise. 

The  testing  was  accomplished  in  three  series: 

Task  I - Parametric  survey  of  jet  velocities  and  tone  frequency. 

Task  II  - Exhaust  Plane  variation. 

Task  III  - Additional  Turbulence  generation  using  vortex  rings  immersed 
in  the  flow. 

The  parametric  tests  were  conducted  using  a short  fan  duct  (Figure 
3.3-1)  representative  of  the  CF6  geometry.  The  fan  exhaust  plane  is  roughly 
one  fan  diameter  (L/D-l)  upstream  of  the  core  exhaust  plane.  The  relative 
exhaust  plane  location  tests  used  this  and  three  other  geometries,  namely  a 
long  fan  duct  (L/D'C.5),  coplanar  exhausts  (L/D-0)  and  extended  fan  exhaust 
(L/D'0.5),  in  addition  to  the  short  fan  duct.  All  four  configurations  are 
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shown  in  Figure  3.3-2.  Additional  turbulence  generation  was  through  vortex 
rings  on  both  the  fan  and  core  shrouds,  as  shown  In  Figure  3.3-3.  Detailed 
dimensions  can  be  found  In  Section  2.3.  The  value  of  D was  approximately 
10  In.  (25.4  cm). 

A master  test  matrix  was  established  after  consideration  of  approach 
and  take-off  velocity  settings  for  current  high  bypass  turbofan  engine 
[ cycles  (Table  3.3-1).  This  matrix  Is  shown  in  Table  3.3-2  and  was  con- 

I structed  to  encompass  the  operating  line  for  the  engines  of  Table  3.3-1. 

» Eleven  dual  flow  combinations  were  selected,  ranging  over  velocity  ratios 

I of  0.6  to  1.15.  In  addition,  no  flow,  fan  flow  only,  and  core  flow  only 

[ settings  were  used.  The  entire  matrix  was  utilized  for  the  Parametric 

I Survey  (Task  I)  tests. 

I 

!}  The  matrices  for  Tasks  II  and  III  are  shown  In  Tables  3.3-3  and  3.3-4. 

I The  former  consisted  of  the  frequency  survey  at  the  "mean"  approach  power 

point,  namely  ^core  * (2^^  m/s)  and  ■ 680  fps  (207  m/s).  The 

Task  III  matrix  consisted  of  a velocity  ratio  variation  at  “ 800 

fps  (244  m/s),  one  on  either  side  of  the  approach  power  point,  with  a 
frequency  survey  at  each  of  the  three  velocity  ratios. 

The  frequency  survey  consisted  of  setting  siren  fundamental  points  of 
3.15,  4.0,  and  5.0  kHz.  The  associated  higher  harmonics  gave  tones  at  6.3, 
8.0,  9.45,  10.0,  12.0,  and  15.0  kHz. 

Far field  data  were  acquired  with  the  same  microphones  and  system 
described  In  Section  2.3.  The  microphones  were  elevated  to  16  ft  (4.9  m) 
and  placed  on  a 40  ft  (12.2  m)  arc.  Ground  reflections  do  not  represent  a 
problem  for  the  frequencies  of  Interest  here  and  therefore  flush  mounting 
on  the  ground  was  not  required.  Thirteen  farfleld  angles  from  40'’  through 
160®  at  10®  Increments  were  covered. 

Some  data  were  acquired  on  the  levels  Inside  the  core  using  a wave- 
guide probe  and  B&K  microphone.  The  system  Is  shown  schematically  In 
Figure  3.3-4.  The  siren  levels  at  the  source  were  monitored  using  a Kullte 
transducer  Immediately  downstream  of  the  siren  exit  port. 

The  data  were  recorded  using  the  same  tape  system  described  In  Section 
2.3.  Approximately  2 minutes  of  data  were  acquired  at  each  siren  setting. 


i- 
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I 3.3.3  Test  Results 

1 

A farfleld  spectrum  for  a no-flow  point  Is  shown  in  Figure  3.3-5.  The 
siren  was  nominally  set  at  4 kHz  and  the  fundamental  tone  Is  clearly  visible, 
along  with  harmonics  at  8,  12,  16,  and  20  kHz.  The  4th  and  5th  harmonics 
were  not  always  discernible  for  the  dual  flow  points  and  hence  only  the 
first  three  tones  were  utilized  In  the  analysis. 
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The  spectrum  of  Figure  3.3-5  was  obtained  using  analog  data  reduction. 
This  type  of  data  reduction  processes  a continuous  12.8  second  sample  from 
the  tape.  On  the  other  hand,  digital  processing  of  the  data  enabled  spot 
sampling  of  the  entire  two  minute  tape  segment.  This  Is  believed  to  be 
Inherently  more  accurate,  particularly  for  tone  data.  Hence  the  vast 
majority  of  the  data  were  processed  digitally.  A second  advantage  of  the 
digital  processing  was  that  a smaller  band  width  (10  Hz)  could  be  utilized. 
This  yielded  a 6 dB  Improvement  In  slgnal/nolse  ratio  over  the  analog 
processing. 


3.3.4  Data  Analysis 

Characteristics  of  Haystacking 


It  Is  helpful  to  briefly  review  the  turbulence  scattering  mechanism 
and  the  general  characteristics  associated  with  "haystacking"  before  dis- 
cussing the  test  results. 
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"Haystacking"  can  be  attributed  to  turbulence  scattering  of  turbine 
tones  by  Inhomogeneltles  In  the  exhaust  Jet  mixing  regions.  Using  a simpli- 
fied analytical  model.  It  has  been  shown  In  (Reference  1)  that  as  a coherent 
(discrete  frequency)  signal  propagates  through  a region  of  turbulence,  part 
of  the  Incident  acoustic  energy  Is  redistributed  Into  a scattered  wave  by 
the  turbulence  cells.  The  change  of  Inhomogeneltles  In  time,  as  seen  by 
the  Incident  wave,  produces  a change  In  the  frequency  of  the  scattered  wave 
and  results  In  a broadening  that  can  be  inferred  from  the  form  of  the  time 
autocorrelation  functions  of  the  amplitude  and  phase  fluctuations.  In  par- 
ticular, the  frequency  spread  Is  determined  by  the  correlation  time  of  the 
turbulence  eddies.  The  amplitude  transformation  Is  a strong  function  of 
the  correlation  length,  of  the  eddies,  and  the  turbulence  Intensity. 


In  the  period  since  this  modulation  mechanism  was  first  suggested  by 
General  Electric  (during  the  Core  Engine  Noise  Control  Program)  several 
investigators  have  Indicated  their  apparent  corroboration  (References  18, 
23,  and  29). 


The  analytical  model  splits  the  farfield  signal  into  two  distinct 
parts: 


(a)  the  unaffected,  or  residual,  portion  of  the  Initial  wave; 


(b)  the  scattered  or  modulated  wave. 


The  residual  portion  consists  of  the  surviving  discrete  frequency  signal. 
The  scattered  wave,  however,  reflects  the  turbulence  spectrum  and  consists 
of  a "haystack"  of  noise,  the  peak  frequency  of  which  exhibits  a Doppler 
shift  due  to  the  fact  that  the  scattering  cells  are  In  motion.  When  the 
scattered  wave  contains  less  acoustic  energy  than  the  residual  tone,  a dis- 
crete frequency  spike  Is  seen  capping  the  haystack  (somewhat  obscuring  the 


Doppler  shift  of  the  haystack).  When  the  scattered  wave  contains  more 
energy  than  the  residual  tone,  there  Is  no  visible  tone  content,  and  the 
haystack  peak  frequency  shift  can  be  observed  quite  clearly  (the  peak 
moving  to  higher  frequencies  as  the  observation  angle,  measured  from  the 
Inlet,  Increases- see  Figure  3.2-6). 


The  Initial  (or  residual)  tone  content  was  unfortunately  very  much  In 
domlnence  all  throughout  the  tests  and  the  haystacking  effect  therefore  at 
times  difficult  to  define.  However  the  model  test  spectra  shown  In  Figure 
3.2-7  clearly  reveal  both  components  for  that  particular  setting.  The 
scattered  wave  can  be  observed  shifting  In  frequency  with  the  farfleld 
angle  as  would  be  expected. 

While  these  spectra  establish  that  the  siren  tones  were  subjected  to 
turbulence  scattering,  the  magnitude  of  the  effect  was  much  lower  than 
expected. 


To  get  some  Idea  of  the  magnitude  of  the  interaction  effect,  the  tone 
levels  for  the  zero  flow  and  fan  flow  only  were  compared.  The  parametric 
test  results  Indicated  that  both  the  fan  velocity  and  velocity  ratio  were 
Important  determinants  of  the  scattering  (as  will  be  shown  later).  Hence, 
the  maximum  Interaction  for  a given  fan  velocity  would  be  encountered  for 
"zero"  core  flow.  Actually,  the  siren  flow  always  produced  a core  flow, 
roughly  100  fps  (30.5  m/s).  Figure  3.3-8  gives  the  tone  power  levels  for 
the  short  fan  duct  configuration  at  these  two  conditions.  The  circles 
provide  the  PWL's  for  the  "no  flow"  case  and  the  triangles  the  levels  with 
no  core  flow  but  with  Vf^jj  « 680  fps  (207  m/s).  The  difference  between  the 
two  should  be  the  maximum  tone  scattering  encountered  for  ~ 

(207  m/s).  This  difference  is  plotted  against  the  frequency  at  the  bottom 
of  the  figure.  It  appears  that  the  amplitude  loss  increases  as  (frequency)^, 
as  would  be  expected  from  analysis,  only  above  9 kHz.  Below  this,  one 
observes  only  about  2 dB  per  frequency  doubling  Instead  of  the  6 dB  predicted 
by  the  analysis.  Because  the  onset  of  the  scattering  effect  was  somehow 
delayed  in  the  spectrum,  the  max  interaction  loss  at  15  kHz,  for  example, 

Is  6 dB.  If  the  scattering  had  begun  at  3.15  kHz,  as  was  expected,  the  max 
interaction  loss  would  have  been  14  dB! 

The  reason  scattering  was  expected  to  start  at  3.15  kHz  was  because 
the  turbulence  eddy  size  in  the  fan  stream  reaches  roughly  (X/4)  for  a 3.0 
kHz  tone  at  the  approach  setting  (Vf^jj  = 680  fps).  The  turbulence  eddy 
size,  !(.,  Is  computed  using: 


0.4b/(l  + 0.38Mfan) 


b/D  - 0.21  [(Z/D)  - 0.2] 


(3.3-1) 

From  Reference  29 

\ 

(3.3-2) 


' where  b Is  the  shear  layer  thickness,  Z the  axial  location 

[ the  nozzle  exit  plane,  D the  fan  nozzle  diameter  and  M the 

I Using  D ■ 10  (25.4  cm)  Inches;  Z/D  - 2 - that  Is,  the  tone 

Into  the  fan  shear  layer  about  one  fan  diameter  downstream 
nozzle  exit;  and  « 680  fps  (207  m/s): 

~ 1.25  Inches  (3.18  cm) 

b ~ 3.8  Inches  (9.65  cm) 

Therefore,  Ij,  - X/4  for  3 kHz. 

Instead,  the  scattering  phenomena  appears  only  after  the  turbulence 
eddies  approach  wavelength  size.  That  Is,  the  effects  become  discernible 
only  when  at  least  a complete  cycle  Is  subjected  to  scattering.  The  X/4 
limit  shows  when  an  acoustic  signal  will  "recognize"  an  eddy  as  an  obstruc- 
tion. Apparently,  recognition  Is  not  enough.  A full  cycle  of  disruption 
Is  the  limiting  criterion. 

I The  relatively  small  amount  of  scattering  coupled  with  the  data  scatter 

: Inherent  In  the  use  of  tones  In  outdoor  testing  made  It  difficult  to  esta- 

• bllsh  trends  In  certain  cases. 

t 

} 

The  analytical  model  essentially  postulates  acoustic  energy  conserva- 
; tlon  as  there  Is  no  absorption  mechanism  Involved.  Energy  loss  has  been 

noted  for  sound  transmission  In  a turbulent  medium  (Reference  35)  but  the 
( loss  was  limited  to  frequencies  below  2000  Hz.  In  an  effort  to  verify  the 

I energy  conservation  for  high  frequency  noise  transmission,  "source  noise" 

i data  were  acquired  Inside  the  core  nozzle  using  a wave-guide  probe.  Figure 

( 3. 3-9  compares  the  Interior  sound  pressure  levels  with  the  corresponding 

f farfleld  levels  for  the  different  tones.  The  nominal  difference  between 

I the  two  spectra  Is  due  to  the  different  areas,  specific  Impedance  and  air 

' attenuation.  The  exact  difference  varies  considerably  from  tone  to  tone 

I apparently  because  of  the  presence  of  a reflected  wave  In  the  core  nozzle. 

^ Hence  the  probe  data  proved  to  be  less  than  valuable.  It  Is  recommended 

t that  sound-separation  probes  be  utilized  for  duct  measurements  of  all  kinds 

I since  these  probes  can  distinguish  between  forward  and  backward  travelling 

i waves . 

j Effect  of  Frequency  and  Velocity  on  Scattering 

! The  parametric  survey  tests  were  dedicated  to  quantification  of  the 

f dependence  on  the  tone  frequency,  core  velocity,  and  fan  velocity. 

f 

Figure  3.3-10  demonstrates  that  the  haystacking  Increases  with  fre- 
\ quency;  all  other  variables  being  held  constant.  Propagation  of  a tone 

i through  jet  stream  turbulence  results  In  an  energy  transfer  from  the  dis- 

crete Incident  tone  frequency  to  adjacent  frequencies  In  the  form  of  the 
scattered  wave.  Hence,  as  discussed  In  the  analysis,  the  farfleld  spectrum 


downstream  of 
jet  Mach  number, 
propagates  out 
of  the  core 
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will  contain  two  signals:  an  Incident  wave  manifested  as  a discrete  fre- 
quency spike  and  a scattered  wave  consisting  of  a hump  roughly  centered 
(for  certain  observation  angles)  at  the  tone  frequency.  Assuming  energy  Is 
essentially  conserved  during  the  scattering  process  and  the  loss  In  the 
discrete  frequency  tone  amplitude  Is  paralleled  by  a corresponding  Increase 
In  the  haystack  size.  A convenient  measure  of  the  scattered  wave  energy  Is 
then  provided  by  the  slope  of  the  hump.  Figure  3.3-10  shows  that  this 
slope  Is  roughly  doubled  going  from  8 to  16  kHz.  Therefore,  the  Interaction 
effect  Is  given  by  20  log  (frequency)  as  used  In  the  existing  prediction 
method.  Figure  3.3-8  Indicated  the  same  result  based  on  the  drop,  6,  In 
the  tone  amplitude.  It  can  be  observed  that  the  dependence  below  8 to  9 
kHz  was  much  less.  The  break  point  Is  when  the  Incident  wavelength  approaches 
or  Is  smaller  than  the  turbulent  eddy  size. 

The  determination  of  velocity  effects  was  made  on  the  basis  of  tone 
power  level  rather  than  SPL  at  any  given  angle  In  order  to  eliminate  the 
effect  of  refraction  and  convection  by  the  Jet  streams. 

Figure  3.3-11  shows  the  effect  of  the  fan  velocity  on  the  power  level 

(PWL)  for  the  4.0  and  8.0  kHz  tones.  The  scattering  Is  given  by  the  drop 
In  this  discrete  frequency  PWL.  In  general,  the  scattering  Is  seen  to 
Increase  with  the  fan  velocity.  The  energy  transfer  suffered  by  any  tone 
Is  a function  of  the  turbulence  encountered  In  both  shear  layers.  Normally, 
the  turbulence  seen  by  the  tone  In  the  outer  shear  Is  dominant  and  the 
scattering  well  defined  by  the  parameters  describing  the  outer  mixing 
region  alone.  However,  the  Vcore  “ 500  fps  setting  for  the  8 kHz  tone 
shows  a small  Initial  Increase  In  PWL  with  Increase  In  fan  velocity.  This 
result  is  typical  of  the  results  for  the  other  tone  frequencies  and  Is 

apparently  a consequence  of  the  fact  that  the  shear  between  the  fan  and 

core  streams  decreases  with  Increasing  fan  velocity  when  the  core  velocity 
is  held  constant  (with  Vf^n^Vrore)*  '^core  “ 500  fps  the  fan  velocities 

Involved  are  so  low  that  the  Iv^ore  “ '^fanl  effect  is  able  to  reverse  the 
trend. 

Change  in  core  velocity  obviously  effect  the  radiated  PWL  - apparently 
increasing  with  velocity.  This  must  be  taken  into  account  when  comparing 
data  sets  at  different  core  settings. 

A multiple  regression  analysis  was  conducted  using  Vf^jj  and  Iv^ore  “ 

VfanI  as  the  Independent  parameters  and  the  following  average  fit  was  ob- 
tained using  all  the  tone  sets: 

Scattered  PWL  « 10  log(Vfan/c)  + 10  log  [1  + |Vcore-Vfanl (3.3-3) 

c = ambient  acoustic  velocity 

Note  that  [1  + IVcore'^^fanM  is  very  similar  to  the  velocity  ratio.  The 
velocity  ratio  would  involve  a Vf^jj  term  in  the  denominator  which  would 
require  a compensating  Increase  In  dependency  on  the  first  term  (Vfan/^) 
to  the  5/3  power. 
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Including  the  frequency  dependence  gives: 

Scattered  PWL  = (^fa^/c)  [1  + |Vcore“Vfanl (3.3-4) 


Effect  of  Varying  Fan  Shroud  Length  on  Scattering 

Theoretically,  the  greater  the  distance  between  core  and  fan  exhaust 
planes,  the  greater  the  haystacKing  because  of  Increasing  fan  stream  shear 
layer  thickness  seen  by  the  turbine  tones.  Hence,  the  short  fan  dubt 
should  result  In  the  most  tone  modulation  and  the  coplanar  configuration 
the  least.  The  extended  fan  duct  was  an  unknown  quantity. 

Narrowband  spectra  for  the  four  configurations  are  compared  in  Figure 
3.3-12  at  the  130®  angle.  This  figure  shows  the  farfield  40  ft  (12  m)  arc 
signature  using  a 3.15  kHz  siren  fundamental.  Similar  results  are  avail- 
able for  4.0  and  5.0  siren  fundamentals,  giving  a total  of  14  tones  for 
each  configuration.  The  130°  angle  was  selected  for  the  comparison  because 
the  Doppler  shift  imposed  on  the  haystack  causes  it  to  shift  out  from  under 
the  "incident"  tone  and  thereby  makes  it  readily  discernible.  From  observa- 
tion of  the  haystack,  or  the  absence  thereof,  it  is  apparent  that  both  the 
coplanar  and  extended  shroud  result  in  very  much  reduced  tone  scattering. 

For  example,  the  siren  fifth  harmonics  still  retain  their  tone  identity  for 
the  coplanar  and  extended  shroud  configurations,  while  they  are  lost  in 
classic  haystacks  for  the  short  and  long  fan  shroud  configurations.  If 
anything,  the  extended  fan  shroud  reduces  haystacking  even  more  than  the 
coplanar  configuration,  which  was  somewhat  unexpected.  The  reduction  may 
be  due  to  the  fact  that  the  fan  and  core  streams  in  the  extended  duct 
configuration  meet  at  lower  Mach  numbers  than  would  be  the  case  for  fully 
expanded  flows. 

Since  the  energy  in  the  haystacks  is  derived  from  the  incident  tones, 
a corresponding  loss  (or  gain)  in  tone  amplitude  should  be  noted  for  each 
configuration.  As  in  Task  I,  the  amplitude  comparison  was  made  on  a power 
level  (PWL)  basis  in  order  to  accommodate  directivity  variations.  Unfortu- 
nately, due  to  the  delayed  onset  (above  9 kHz)  of  turbulence  scattering, 
the  amplitude  change  involved  was  fairly  small  and  not  immediately  apparent 
(see  Figure  3.3-13). 

Engine  data  were  used  in  FA72WA-3023  to  ^how,  that  reducing  the  relative 
distance  between  fan  and  core  exhaust  planes  resulted  in  reduced  haystacking 
(Figure  3.3-14).  The  same  data  also  showed  that  this  effect  could  be 
approximated  by  20  log  (1  + L/D)  where  L is  the  distance  between  fan  and 
exhaust  planes  and  D)  the  fan  exhaust  diameter.  However,  the  turbulence 
scattering  analysis  (see  Reference  29)  suggests  that  the  fan  diameter  may 
not  be  necessary  as  a non-dimenslonalizing  parameter.  This  is  obviously  a 
critical  point. 
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Four  configurations  were  tested:  L/D  ■ 1,  0.5,  0,  -0.5.  If  the 
effect  were  defined  by  20  log  (1  + L/D),  then  the  difference  between  the 
L/D  of  1 (short  fan  shroud)  and  0 (coplanar  shrouds)  would  be  6 dB  on  the 
tone  levels.  On  the  other  hand,  since  D was  6 ft  for  Quiet  Engine  'C', 
then  the  engine  data  would  equally  well  support  20  log  (1  + L/6).  In  the 
model  tests  L was  about  0.9  ft.  In  which  case  the  difference  In  tone  levels 
for  the  two  configurations  would  be  about  1.2  dB.  Considering  the  data 
scatter  band  (±  1.5  dB,  which  Is  very  good  for  tones  In  outdoor  testing), 
the  latter  would  result  in  negligible  difference  In  the  tone  levels  for  the 
different  configurations. 

The  data,  several  of  which  have  been  verified  by  repeat  points.  In 
fact  Indicate  there  Is  little  difference  In  the  tone  levels  (Figure  3.3-10), 
even  though  the  haystacking  In  the  form  of  frequency  broadening  Is  visibly 
reduced  at  the  base  by  reducing  L (Figure  3.3-12).  This  task  then  supports 
the  contention  that  It  Is  the  absolute  value  of  L that  Is  Important  rather 
than  L/D. 


Effect  of  Additional  Turbulence  Generation  on  Scattering 

Figure  3.3-15  presents  two  typical  results  in  the  form  of  directivity 
plots  for  the  5 and  8 kHz  tones.  At  this  velocity  setting  there  is  very 
little  effect  on  the  5 kHz  tone.  However,  the  8 kHz  tone  is  significantly 
reduced  at  the  peak  angles  (100  to  120'’).  Frequencies  lower  than  5 kHz  tend 
to  follow  the  5 kHz  trend,  and  those  above,  the  8 kHz  trend. 

On  a power  level  basis,  the  results  are  provided  in  Figure  3.3-16.  For 
6300  Hz  and  higher  tones,  both  turbulence  generators  result  In  power  level 
reductions  of  3 to  8 dB.  However,  below  5000  Hz  the  turbulence  generators 
appear  most  effective  at  the  lowest  fan  velocity  (560  fps),  giving  2 to  5 dB 
reduction  over  the  baseline  configuration.  By  the  time  the  fan  jet  velocity 
is  increased  to  the  value  of  the  core  Jet  velocity  (800  fps),  at  most  1 dB 
reduction  is  observed,  and  in  fact  the  core  shroud  turbulence  generator 
gives  a tone  Increase  of  almost  6 dB  at  4000  Hz.  This  last  could  be  linked 
to  the  appearance  of  ring-induced  tones  at  1000  Hz  and  higher  harmonics, 
Including  4000  Hz. 

In  a brief  summation,  the  turbulence  generators  effectively  decrease 
the  tone  power  level  for  6300  Hz  and  above.  Below  this  frequency,  the 
generators  are  effective  at  low  fan  stream  velocities  only,  the  reduction 
being  negligible  when  the  fan  stream  velocity  becomes  equal  to  the  core 
stream  velocity.  Both  generators  produce  the  same  effect. 

It  could  be  hypothesized  that  the  size  of  the  turbulence  eddies  pro- 
duced by  the  vortex  rings  varies  with  the  flow  velocities.  The  eddy  size 
produced  at  the  lower  velocities  could  then  be  more  conductive  towards 
scattering  of  the  lower  frequencies.  The  higher  frequencies  would  not  be 
effected  as  greatly  since  the  wavelengths  are  much  smaller. 


Directivity  Effects 

The  short,  long  and  coplanar  fan  shroud  configurations  produced  similar 
directivities  and  are  discussed  below.  The  directivity  patterns  associated 
with  the  extended  fan  shroud  were  unique  to  that  configuration  and  will  be 
discussed  separately  at  the  end  of  this  section. 

Figure  3.3-17  provides  the  change  in  directivity  going  from  "no  flow", 
to  fan  only,  to  dual  flow  for  the  3.15  kHz  tone.  The  "no  flow"  directivity 
Is  shown  separately  on  the  left  hand  side  and  exhibits  lobes  similar  to 
those  one  might  expect  from  a piston  in  an  Infinite  baffle  (see  Figure 
3.3-18).  The  piston  Involved  here  Is  actually  annular  and  the  sound  pres- 
sure in  the  farfleld  can  be  approximated  by  (refer  to  Figure  3. 3-18 (a)): 


P'-(Jp^ck/2xr)U 


/-2x 


Jk(T8ln6sln<|» 


P-(Po‘^t/2Tfr)Uo®2  [ (Jj^(kaj^sin0/kaj^8lne)  J 

for  a2/a2<<l  this  results  in  the  directivities  shown  In  Figure  3.3-18(b). 
Initially,  for  very  low  frequencies  the  angular  distribution  resembles 
that  of  a simple  source  since  for  (kasin6)<l 


2J^(ka8in6)/kasine  1 -(ka8ln9)^/8  + 


The  infinite  baffle  assumption  is  obviously  violated  by  the  fan  flow. 
However,  even  then  a lobed  pattern  is  still  visible  for  the  fan  flow  only 
case  shown  in  Figure  3.3-17.  Also  apparent  is  a shadow  angle  extending 
through  130“  and  an  increase  in  the  forward  quadrant.  It  would  seem  that 
there  is  a shift  in  acoustic  energy  from  the  aft  to  the  front,  a throw-back 
which  can  be  attributed  to  refraction  effects.  Unfortunately,  existing 
refraction  theories  are  somewhat  defficient  in  this  area. 

Turning  on  the  core  flow  has  a very  large  effect  on  the  directivity. 
Only  one  major  lobe  remains,  peaking  around  100  to  130“,  and  the  shadow 
angle  increases.  The  core  flow  alters  the  nozzle  radiation  characteristics 
from  those  of  the  piston  in  the  wall  model.  The  Increasing  shadow  angle  is 
a consequence  undoubtedly  of  the  refraction  by  the  core  jet.  Also,  a drop 
in  source  power  level  is  Indicated  by  the  farfleld  data  and  confirmed  by 
probe  measurements  in  the  core  nozzle. 

The  dual  flow  directivity  pattern  shown  in  Figure  3.3-17  is  represen- 
tative of  the  patterns  observed  for  other  frequencies  and  velocity  settings. 

The  effect  of  frequency  is  small  but  well-defined.  The  peak  angle 
shifts  towards  the  sideline  inversely  with  frequency,  as  is  shown  in  Figure 
3.3-19.  The  major  Impact  appears  in  the  angles  forward  of  120“  where  the 
fall-off  tends  to  Increase  with  frequency.  There  is  also  a similar  change 
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at  140  - 160°,  but  this  Is  of  little  consequence  In  the  case  of  an  aircraft 
flyover. 

The  effect  of  velocity  ratio  at  constant  core  velocity  and  constant 
fan  velocity  Is  Illustrated  In  Figure  3.3-20  and  there  are  no  discernible 
trends. 

The  effect  of  power  setting  corresponds  to  a combined  change  In  fre- 
quency and  velocity  ratio.  Assuming  the  cycle  for  Engine  "C",  the  differ- 
ence between  the  approach  and  take-off  settings  Is  shown  In  Figure  3.3-21, 
and  appears  to  be  negligible. 

Turbulence  generators  could  effect  the  directivity  since  the  addi- 
tional scattering  Is  concentrated  at  the  peak  angles.  However,  since  the 
tone  energy  Is  scattered  mainly  Into  sidebands,  the  effect  on  a 1/3-octave 
band  directivity  will  be  negligible  until  the  haystack  spills  over  Into 
adjacent  1/3  octave  bands. 

One  of  the  most  striking  results  from  this  test  series  was  the  appear- 
ance of  a second  lobe  near  90°  for  the  directivity  In  the  case  of  the 
extended  fan  shroud  configuration.  The  directivity  observed  for  the  other 
configurations  showed  only  one  peak  (near  120°)  for  dual  flow  points. 
Typical  comparisons  are  provided  In  Figures  3.3-22  and  3.3-23.  The  second 
lobe  Is  apparent  at  all  four  frequencies  shown  In  the  figures.  Simultane- 
ously, there  Is  a drop  In  the  levels  at  the  conventional  peak  angle. 


3.3.5  Summary  and  Conclusions 

The  turbine  tone/ jet  stream  model  tests  provided  the  following  signi- 
ficant results: 

• The  tests  produced  all  the  salient  characteristics  associated 
with  haystacking  In  engines.  Including  the  appearance  of  a hay- 
stack (scattered  wave)  exhibiting  a peak  frequency  shift  with 
observation  angle. 

• Both  shear  layers  were  found  to  contribute  to  the  scattering. 

The  outer  layer  through  Vf^j,  and  the  Inner  layer  through 
|Vcore~Vfanl • Th®  scattering  Increased  with  both. 

• The  dependence  of  the  tone  amplitude  loss  and  frequency  spread  on 
the  Incident  tone  frequency  was  explicitly  extracted  and  shown  to 
be  fo2. 

• The  scattering  mechanism  was  found  to  be  significant  only  for 
wavelengths  of  the  order  of  or  smaller  than  the  turbulence  eddy 
size.  As  a result,  the  amplitude  loss  was  much  smaller  than 
expected. 
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• The  haystacking.  In  the  form  of  frequency  modulation,  was  reduced 
by  the  coplanar  and  extended  configurations.  The  extent  of  the 
reduction  noted  for  the  former  was  somewhat  unexpected.  Corre- 
pondlng  amplitude  modulation  was  hard  to  discern,  partly  as  a 
result  of  data  scatter  and  partly  due  to  lower  tone  amplitude 
loss  than  expected. 

• The  variation  of  the  fan  exhaust  plane  showed  that  the  Important 
parameter  was  the  absolute  value  of  the  distance  (L)  between  the 
fan  and  core  exhaust  planes  and  not  the  number  of  nozzle  diameters 
(L/D).  The  scaling  dimension  Is  therefore  (L  + constant),  not  D. 

• The  turbulence  generators  effectively  decreased  the  tone  PWL  for 
model  frequencies  of  6.3  kHz  and  above.  Below  this,  the  effec- 
tiveness was  limited  to  low  fan  velocities  and/or  low  velocity 
ratios.  The  Impact  was  concentrated  near  the  nominal  peak  angles 
(100  to  120"). 

• In  general,  for  dual  flow  points,  the  tones  were  observed  to  peak 
at  120®  and  fall-off  In  both  directions.  Slight  variations  were 
noted  with  tone  frequency. 

• The  extended  fan  shroud  Introduced  a second  lobe  near  90°,  while 
reducing  the  level  of  the  primary  lobe  at  120°. 
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Tabic  3 


Engine 

CF6-6 
CF6-50 
TF34 
QEP  'A' 
QEP  'C 


Engine 

CF6-6 
CF6-50 
TF34 
QEP  'A' 
QEP  'C 


3-1  Typifnl  Velocities  and  Exhaust  Temperatures  ft)r 
Ciirri-iU  Tccliiu)  logy  High  Bypass  Engfiu*s 


• Mean  Area  Ratio  (fan/core)  ■3.0 


Takeoff 


V 

core 

V 

fan 

Velocity 

T 

core 

fps 

(m/s) 

fps 

(m/s) 

Ratio 

•r 

Ck) 

790 

(241) 

660 

(201) 

0.84 

800 

(244) 

690 

(210) 

0.86 

1300 

(722) 

520 

(158) 

515 

(157) 

0.99 

- 

- 

640 

(195) 

510 

(155) 

0.79 

- 

- 

460 

(140) 

520 

(159) 

1.13 

— 

Approach 

V, 

core  fan 


fps 

(m/s) 

f£S 

(m/s) 

1330 

(405) 

930 

(284) 

1550 

(472) 

1030 

(314) 

920 

(280) 

715 

(218) 

1180 

(360) 

790 

(241) 

870 

(265) 

840 

(256) 

Velocity 

Ratio 

T 

core 

•r 

Ck) 

0.70 

- 

- 

0.66 

1500 

(833) 

0.78 

- 

- 

0.67 

- 

- 

0.96 
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Table  3.3-2  Parametric  Survey  Test  Matrix 


Frequency  Survey:  Siren  Fundamentals  at  3.15,  4.0,  5.0  kHz  + Harmonics 


Core  Velocity 

Velocity  Ratio 

fps 

(m/s) 

0 

0.6  0.7 

0.85  1.0 

1.15 

0 

(0) 

X 

X 

500 

(152) 

X 

X X 

X 

800 

(244) 

X 

X 

X X 

X 

1200 

(366) 

X X 

X 

Table  3.3-3  Exhaust  Plane  Variation  Test  Matirx 

• T - 1400  • R (778  * K) 

core 

• T,  * Ambient 

fan 

Frequency  Survey: 

Siren  Fundamentals  at  3.15,  4.0,  5.0  kHz  + Harmonics 

V ^=800  fps  (244  m/s) 
core 

Vf^n  = fps  (207  m/s) 

Velocity  Ratio  = 0.85 

The  frequency  survey  was  conducted  at  this  setting 
for  each  of  the  four  configurations. 
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Table  3.3-4  Turbulence  Effects  Test  Matrix 


Ambient 


Frequency  Survey 


Siren  Fundamentals  at  3.15,  4.0,  5.0  kHz  + Harmonics 


Velocity  Ratios  = 0.70,  0.85,  1.00 


The  frequency  survey  was  conducted  at  each  of  the 
three  velocity  settings  for  both  configurations. 
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Figure  3.3-2  Variation  of  Fan  Nozzle  Exhaust  Plane 
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Figure  3.3-4  Waveguide  Probe  Used  to  Measure  Core  Nozzle  Levels 
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Figure  3.3-8  Maximum  Amplitude  Loss  Expected  for  680  fps  (207  m/s)  Fan  Velocity 


No  Flow" 


Comparison  of  Duct  and  Farfield  Siren  Levels 
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Effect  of  Variation  of  Fan  Exhaust  Plane  of  Tone  Power  Levels 
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(a)  Engine  Spectra 


(b)  Effect  of  Exhaust  Plane  Spacing 


Figure  3.3-14  Engine  Data  Showing  Effect  of  Relative  Distance 
Between  Fan  and  Core  Nozzle  Exhaust  Planes 
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Effect  of  Turbulence  Generators  on  Tone  Power  Level 
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Figure  3.3-22  Comparison  of  Tone  Directivities  from  Extended 
and  Short  Fan  Shroud  Configurations 
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3.4  PREDICTION  UPDATE 

3.4.1  Status 

Three  different  prediction  methods  were  formulated  in  FA72WA-3023  in 
order  to  fully  accommodate  the  varying  requirements  of  different  investi- 
gators and  the  amount  of  information  available  for  the  turbine  (Reference 
10): 

1.  Analytical  Method  - The  viscous  wake  interaction  mechanism 
responsible  for  discrete  frequency  noise  generation  in  turbines 
was  modeled  analytically  and  a prediction  provided  for  the  tone 
PWL  at  the  source.  Radial  and  circumferential  modal  information 
was  Included.  Subsequently,  the  analysis  was  extended  to  Include 
the  case  of  leaned  or  curvilinear  vanes  (Reference  29).  A great 
deal  of  Interstage  performance  data,  including  full  knowledge  of 
the  velocity  triangles  at  hub,  pitch  and  tip,  is  required  to 
exercise  the  method.  However,  the  method  makes  it  possible  to 
predict  the  effect  of  aero-mechanical  configuration  changes  such 
as  number  of  blades,  solidity,  blade  thickness,  spacing,  etc.  on 
the  noise  generation.  It  is  especially  valuable  when  source 
noise  reduction- is  sought.  The  accuracy  of  this  method  was 
demonstrated  by  comparison  with  the  noise  generation  by  the  last 
stage.  No  meaningful  comparison  was  possible  with  the  internal 
stages  because  of  the  unknown  of  attenuation  by  the  intervening 
turbine  blade  rows. 

2.  Preliminary  Design  Method  - A semi-empirical  correlation  was 
derived  using  engine  data  and  overall  cycle  parameters  such  as 
might  be  available  at  the  very  early  design  stage.  The  farfield 
noise  signature  of  the  turbine  as  a whole  was  provided  as  a 
function  of  the  low  pressure  turbine  pressure  ratio,  tip  speed, 
and  exit  area. 

3.  Comprehensive  Method  - A second  semi-emplrlcal  correlation  was 
derived  using  engine  data  but  taking  cognizance  of  the  individual 
turbine  stages.  Spectral  and  directivity  information  was  developed 
for  the  turbine  OASPL  and  tone  SPL,  such  that  a complete  turbine 
noise  spectrum  could  be  predicted  for  each  angle.  The  correlating 
parameters  included  the  pressure  ratio,  tip  speed,  blade  relative 
Mach  number,  and  exit  area  for  the  dominant  stage. 

The  effect  of  scattering  by  the  jet  stream  turbulence  on  the  tones  was 
entered  separately  through  an  empirical  correlation  of  available  engine 
data  which  gave  both  a drop  in  the  discrete  frequency  acoustic  energy  and  a 
spread  into  the  adjoining  sidebands.  An  analytical  modeling  of  this  turbine 
tone/  jet  stream  interaction  indicated  several  parameters  of  pertinence, 
the  effect  of  which  could  be  separated  out  only  through  controlled  model 
tests. 
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The  Identification  of  turbulence  scattering  as  the  mechanism  responsl-  1 

ble  for  haystacking  and  the  dependence  of  turbine  noise  generation  on  the  1 

pressure  ratio  (a  work  term)  In  addition  to  the  velocity  provided  slgnlfl-  | 

cant  advancements  In  the  state  of  art  for  turbine  noise  prediction  which  at  j 

that  time  was  represented  by  Smith  and  Bushell  (Reference  30),  Peart  and  ^ 

Dunn  (Reference  31),  etc.  Mathews  and  Peracchlo  (Reference  32)  Indepen-  ! 

dently  came  to  the  same  conclusions  at  about  the  same  time.  Their  paper 

deals  only  with  turbine  discrete  noise  and  associated  haystacking  and  I 

unfortunately  does  not  provide  the  absolute  numbers  which  would  permit  their  ( 

prediction  method  to  be  utilized  or  assessed  by  others.  j] 

t : 

To  reiterate  the  status  briefly,  the  three  prediction  methods  of 
FA72WA-3023  provide  a framework  encompassing  the  varying  spectrum  of  needs, 

from  that  of  the  preliminary  design  engineer  who  knows  only  the  turbine  work  |J 

‘ requirements,  speed  and  size;  to  the  acoustic  engineer  seeking  to  evaluate  j; 

< the  Impact  of  Internal  aero-mechanlcal  configuration  changes.  Both  discrete 

I frequency  and  broadband  noise  are  addressed.  Such  a range  Is  obviously  I 

[ beyond  the  scope  of  any  one  prediction  method  - either  currently  available  j 

or  that  which  can  be  envisaged.  This  program  preserves  the  framework,  but 
seeks  to  enhance  the  working  range  and  accuracy  of  the  three  methods. 

3.4.2  Noise  Levels 
— 

1 . 

j 

The  analytical  prediction  program  gives  a tone  PWL  at  the  source.  The 
transmission  loss  through  Intervening  blade  rows  and  the  exhaust  nozzle  must  j; 

be  computed  and  accounted  for  In  order  to  obtain  the  energy  radiated. 

The  turbine  tests  of  Section  3.2  demonstrated  that  turbine  tones  are 
subject  to  large  transmission  losses  on  propagation  through  turbine  blade 
rows.  The  test  data  Indicated  that  the  Insertion  loss  due  to  the  second  and 
third  stages  of  the  three  stage  HLFT-IVA  could  be  represented  by: 

A « 98.9  log  (%N/*^)  + 13.4  log  (AT)  + 5.6  log  (|i+7.5|) 

- 217.5  (3.4-1) 

The  speed  term  actually  defined  the  effect  of  tone  frequency,  blade 
pitch,  and  blade  tip  speed: 

% - fn  (3.4-2) 

The  problem  remains  to  separate  out  the  two  dependencies. 

Most  existing  analyses  of  noise  transmission  cannot  be  applied  here 
either  because  they  limit  themselves  to  "no  flow"  situations  or  to  flat 
plate  models  which  are  somewhat  unrepresentative  of  turbine  flows,  for 
example,  Reference  33  and  34. 
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The  results  of  the  parallel  combustor  noise  transmission  tests  (NAS3- 
19435)  indicated  a clear  frequency  dependence  for  tones  above  1200  Hz,  as  is 
shown  in  Figure  3.4-1.  This  figure  provides  the  transmission  loss  through 
the  turbine  at  design  point  for  siren  tones  Inserted  upstream  of  the  turbine. 
The  frequency  dependence  followed,  in  general,  a fourth  power  law.  Assuming 
that  these  results  can  be  extrapolated  to  the  case  of  turbine  tones,  the 
blade  row  attenuation  can  be  represented  by: 

A(f)  = 58.9  log  (^)  + 40  log  (|^)  + 13.4  log^^  (At) 

+ 5.6  log  (li+7.5|)  + 11.5  (3.4-3) 

As  was  explained  in  Section  3.2,  this  correlation  is  strictly  valid  only 
for  the  range  of  speeds  used  in  the  data  base. 

Alternately,  the  attenuation  can  be  estimated  using  Figure  3.2-16  along 
with  the  assumption  that  the  second  and  third  stages  contributed  equally  to 
this  transmission  loss.  An  interesting  example  of  such  an  application  is 
provided  in  Figure  3.4-2.  The  acoustic  power  levels  for  the  second  stage  BPF 
were  analytically  predicted  and  the  source  levels  compared  to  the  data.  The 
good  agreement  between  the  data,  which  were  measured  downstream  of  the  third 
stage,  and  the  predicted  source  levels  suggests  that  the  attenuation  due  to 
the  last  stage  was  small.  The  dashed  line  shows  the  predicted  levels  if  it 
were  assumed  that  the  third  stage  was  responsible  for  half  the  attenuation 
plotted  in  Figure  3.2-16.  Obviously  then,  either  the  measured  attenuations 
were  due  in  large  part  to  the  second  stage,  or  the  analytical  prediction 
method  under-estimates  the  noise  generation  due  to  interior  stages.  At  this 
time,  neither  possibility  can  be  precluded.  However,  the  data  correlations 
used  in  the  comprehensive  prediction  method  outlined  below  support  'the  limited 
attenuation  due  to  the  last  stage  hypothesis  as  data  are  included  for  both 
last  and  second-to-last  stage  blade  passing  frequencies. 

The  power  level  for  the  HLFT  IVA  second  stage  BPF  was  analytically 
predicted,  the  attenuation  computed  using  (3.4-3),  and  compared  with  the 
measured  levels.  Reasonable  agreement  was  obtained  as  to  the  trends  with 
pressure  ratio,  as  shown  in  Figure  3.4-2.  The  difference  in  absolute  levels 
is  being  examined. 

The  comprehensive  prediction  method  for  farfield  turbine  requires  use 
of  the  dominant  stage.  A preliminary  determination  of  this  can  be  made  by 
predicting  BPF  power  level  for  each  stage  and  then  applying  equation  (3.4-3) 
to  determine  the  effect  of  the  intervening  downstream  stages. 

The  noise  levels  can  be  found  using  the  following  relationship  (see 
Figure  3.4-3): 

Peak  OASPL  - 8.75  log  + 20  log  J+  5 log  (25/Jl) 

' ^tage  V ^ / 

+ log  A + 102.9  (3.4-4) 
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Peak  SPL  « 20  log  - 20  log  (Ut)  + 10  log  (25/A) 

\ ^ /stage 

+ 10  log  A + 161.5  (3.4-5) 

Peak  OASPL  ■ combined  broadband  and  discrete  frequency  OASPL  at  120® 
and  200  ft  (61  m)  sideline  In  dB  re  0.0002  dynes/cm^, 

where  Peak  SPL  = SPL  of  1/3  octave  band  containing  BPF  at  120®  and  200  ft 
(61  m)  sideline.  The  SPL  does  not  Include  air  or  extra 
ground  attenuation  as  these  are  strong  functions  of  the 
tone  frequency. 


izi 


PRgtage  “ dominant  stage  total-to-statlc  pressure  ratio 

Vrel  “ tip  blade  relative  velocity  at  inlet  to  the  rotor,  fps 

Ut  “ blade  tip  speed  of  dominant  stage,  fps 

c = mean  acoustic  velocity,  fps 

(s/A)  = ratio  of  axial  spacing  to  upstream  airfoil  chord 

2 

A = turbine  exit  area,  ft 

Y = ratio  of  specific  heats,  'V/1.4 

These  correlations  were  derived  using  turbine  noise  spectra  extracted 
from  farfleld  engine  data.  The  extraction  process  is  described  In  Reference 
10.  The  correlation  parameters  are  in  agreement  with  the  results  of  the 
turbine  tests  conducted  in  this  program  and  during  FA72WA-3023,  in  that  the 
significant  parameters  consist  of  the  pressure  ratio  along  with  either 
relative  velocity,  for  broadband  noise,  or  tip  speed,  for  tones. 


Frequently,  and  PRstage  readily  available,  as  for  example, 

at  the  preliminary  design  stage  or  at  off-design  operating  points.  Corre- 
lations were  obtained  using  fundamental  performance  parameters  (see  Figure 
3.4-4)  and  approximate  turbine  noise  estimates  may  be  made  using  the  follow- 
ing expressions  which  define  the  correlating  lines: 


Peak  OASPL  - 40  log 


Peak  SPL  - 40  log 


("I 

("L 


turbine 


turbine 


- 20  log  Ut  + 10  log  ^ A + 164 

(3.4-6) 

20  log  Ut  + 10  log,  A + 165 

(3.4-7) 


where  Peak  OASPL 


overall  sound  pressure  level  at  120°  and  200  ft  sideline, 
dB  re  0.0002  dynes /cm^ 

Peak  SPL  « SPL  at  120°  and  200  ft  (61  m)  sideline  of  1/3  octave 

band  containing  the  dominant  BPF.  As  explained  before, 
air  attenuation  and  EX^A  must  be  computed  separately 
and  subtracted. 

izl 
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turbine 


P = turbine  total-to-statlc  pressure  ratio,  P /P 
K 1 

U = blade  tip  speed  of  last  stage,  fps 

^ 2 
A = core  nozzle  exit  area,  ft 

Y = ratio  of  specific  heats  ~ 1.4 
3.4.3  Broadband  Noise  Spectrum 


A brief  recapitulation  of  the  HLFT  IVA  turbine  test  results  is  in  order 
here.  The  single  stage  build  provided  a broadband  noise  spectrum  with  a 
pronounced  peak  at  the  BPF  near  design  operating  points.  A large  shift  in 
energy  to  the  vicinity  of  the  second  harmonic  occurred  at  far  off-design 
points,  with  a resultant  flattening  of  the  spectrum.  The  three  stage  build 
did  not  provide  any  pronounced  peaks,  possibly  because  of  the  multiplicity 
of  the  contributing  sources  and  attenuating  blade  rows.  Only  minor  peaks 
were  discernible  at  the  BPF's. 


This  suggests  that  jet  engines  with  one  or  even  two  low  pressure  tur- 
bine stages  will  be  characterized  by  a more  peaked  turbine  broadband  noise 
spectrum  than  engines  utilizing  multi-stage  low  pressure  turbines.  Also, 
the  former  class  of  engines  will  exhibit  a spectral  shift  with  power  setting. 
Engine  "C"  falls  into  the  first  category  since  it  employs  a two  stage  low 
pressure  turbine,  with  both  BPF's  generally  falling  into  the  same  1/3 
octave  band.  The  CF6-50  and  TF34,  on  the  other  hand,  use  four  stage  low 
pressure  turbines,  with  the  BPF's  occurring  in  different  1/3  octave  bands. 
The  extracted  turbine  noise  broadband  spectra  are  very  different,  as  can  be 
seen  from  Figure  3.4-5.  The  spectral  shift  with  power  setting  for  the  two 
stage  turbine  is  obvious  [-5(a)].  On  the  other  hand,  the  spectra  associated 
with  the  four  stage  turbines  are  essentially  similar  over  an  operating  range 
of  40  to  80%  design  speed  [-5(b)].  It  is  recommended  that  the  spectra  of 
Figure  3.4-5(a)  be  utilized  for  prediction  of  the  noise  generated  by  engines 
incorporating  single  and  two  stage  low  pressure  turbines  and  for  multi-stage 
configurations  in  which  all  the  BPF's  fall  into  the  same  1/3  octave  band. 

The  spectrum  of  Figure  3.4-5(b)  is  recommended  for  multi-stage  turbines  in 
which  the  tones  fall  into  several  frequency  bands.  Note  that  data  along  a 
polar  arc  were  used  to  define  the  spectra  at  several  aft-quadrant  angles  and 
it  was  found  that  the  peak  angle  spectra  provided  a reasonable  representa- 
tion of  the  spectra  at  the  other  angles.  A different  spectral  set  would 
have  to  be  provided  for  each  angle  if  the  definition  had  been  on  a sideline 
basis. 


3.4.4  Directivity 


The  directivity  to  be  used  for  the  turbine  noise  OASPL,  which  Includes 
both  discrete  frequency  and  broadband  noise  content,  was  determined  from 
high  bypass  turbofan  engine  data  (see  Reference  10).  A small  difference  was 
found  between  the  approach  and  take-off  power  values  as  can  be  seen  from 
Figure  3.4-6.  The  peak  angle  was  120°  from  Inlet  In  both  cases. 

The  discrete  frequency  noise  was  also  found  to  peak  at  120°  for  these 
high  bypass  turbofan  engines.  However,  the  fall-off  from  the  peak  angle  was 
faster,  as  Is  evident  from  Figure  3.4-7  In  which  the  solid  line  provides  the 
mean  of  the  data  from  Engine  "C"  and  TF34  at  approach  power.  The  solid  line 
is  the  directivity  for  a 1/3  octave  band  containing  a turbine  tone.  How- 
ever, the  tone  Itself  decays  at  an  even  faster  rate,  as  can  be  verified  by 
using  narrowband  data.  Engine  "C"  20  Hz  bandwidth  data  corresponding  to  the 
1/3  octave  band  directivity  are  shown  In  the  same  figure.  These  data  can 
be  seen  to  be  In  a very  good  agreement  with  the  narrowband  data  from  the 
model  tests  of  Section  3.3.  Therefore,  it  is  obvious  that  the  1/3  octave 
band  levels  for  angles  other  than  90  to  120°  are  controlled  by  the  turbine 
broadband  noise  and  not  the  tone.  This,  of  course.  Is  consistent  with  the 
flatter  directivities  of  Figure  3.4-6  for  the  turbine  OASPL.  It  Is  not 
clear  why  high  frequency  discrete  frequency  and  broadband  noise  exhibit 
different  directivities,  but  the  reason  may  lie  in  the  modal  content.  If  it 
can  be  argued  that  the  high  frequency  broadband  noise  consists  of  a large 
number  of  modes  due  to  the  random  nature  of  Its  source,  then  an  analytical 
case  can  be  made  for  a flat  farfleld  directivity. 

Both  the  model  and  engine  tone  data  Indicate  that  the  effect  of  tone 
frequency  and  velocity  ratio  is  small,  even  on  a narrowband  basis.  For 
example,  the  model  data  frequency  effect  at  approach  power  Is  summarized  In 
Figure  3.4-8.  The  peak  angle  for  frequencies  below  4.0  kHz  shifted  to 
between  110  and  120°.  For  frequencies  above  6.3  kHz,  the  peak  always 
occurred  at  120°.  In  general,  turbine  tones  occur  at  6.3  kHz  or  above  due 
to  the  large  number  of  airfoils  used.  Figure  3.4-7  suggests  that  the  1/3 
octave  band  directivity  forward  of  120°  would  also  be  effected. 

The  effect  of  power  setting,  which  Involves  a simultaneous  change  In 
velocities,  velocity  ratio  and  tone  frequency,  Is  summarized  In  Figure 
3.4-9.  The  main  difference  was  Increased  fall-off  rate  aft  of  90°.  The 
impact  on  the  1/3  octave  band  directivities  would  probably  be  minimal, 
except  perhaps  at  110°,  where  the  level  could  decrease  by  as  much  as  3 dB. 

Finally,  It  Is  recalled  that  extending  the  fan  shroud  more  than  half  a 
diameter  beyond  the  core  nozzle  could  Introduce  a second  peak  at  90°, 
accompanied  by  a drop  In  the  120°  peak.  The  relative  magnitude  of  the  two 
peaks  was  found  to  be  a function  of  the  tone  frequency.  The  90°  lobe  was 
found  to  Increase  with  frequency  relative  to  the  120°  lobe,  with  the  break 
point  (equal  peaks)  occurring  around  6.3  to  8 kHz. 


3.4.5  Turbine  Tone/Jet  Stream  Interaction 


The  prediction  method  of  References  10  and  29  has  already  been  dis- 
cussed In  Section  3.3.  Briefly,  the  method  consists  of  defining  the  Inci- 
dent tone  amplitude  loss,  6,  and  the  slope  m,  of  the  haystack  (see  Figure 
3.4-10)  using  engine  data  correlations.  The  results  of  the  model  tests 
described  In  Section  3.3  Indicate  that  the  correlation  for  6 can  be  recast 
as: 

6-10  108  <^o> 

+ 20  log  (l+L/6)  - 68.7  (3.4-8)  ’ 


where  6 « drop  In  20  Hz  narrowband  SPL  at  120°,  db 

Vfan  * fan  velocity,  'fcore  " velocity,  fps 

c * acoustic  velocity,  fps 

L ■■  distance  between  fan  and  core  nozzle  exhaust  planes,  ft 

» 

fo  *•  Incident  tone  frequency,  Hz. 


Equation  (3.4-8)  Is  valid  only  for  wavelengths  of  the  order  of  and 
smaller  than  the  eddy  size.  Equations  (2)  and  (3)  from  Reference  29  (see 
Section  3.3.4)  can  be  utilized  to  express  this  limit  as  (f^L/c)^  12. 

Another  limitation  on  equation  (3.4-8)  Is  a positive  L:  fan  nozzle 
upstream  of  the  core  nozzle.  The  model  test  results  demonstrated  that  the 
scattering  for  an  extended  plane  configuration  was  of  the  same  order  as  that 
of  a coplanar  configuration.  Hence  It  Is  recommended  that  L^O  be  used  for 
extended  fan  shrouds. 


The  effect  of  flight  can  be  Included  through  consideration  of  the 
effect  on  the  outer  shear  layer.  The  thickness  will  be  reduced  by  a factor 
(l-C/1+4)  where  £;  is  the  ratio  of  the  flight  velocity  to  the  fan  jet  velocity 
(see  Reference  29).  The  Impact  Is  analogous  to  a change  In  L and, therefore, 
consists  of  adding  a 201og  term  to  equation  (3.4-8): 


6 - 10  108  j(^) 

+ 20  log  (l+L/6)  + 20  log 


+ 20  log 


(fo> 


(3.4-9) 
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The  scattered  energy  Is  transferred  to  the  tone  sidebands  and  becomes 
significant  only  in  the  case  of  spill-over  Into  adjacent  1/3  octave  bands 
coupled  with  a relatively  low  broadband  floor.  The  analysis  of  the  phenome- 
non and  engine  data  both  show  that  the  frequency  spread  Is  proportional  to 
the  amplitude  loss,  6.  The  relationship  derived  from  engine  data  In  Refer- 
ence 10  can  therefore  be  utilized  here  (see  Figure  3.4-11): 

10  log  (1/m)  = 0.856  + 8.4  (3.4-10)  j 

where  m = slope  of  haystack  sides  on  a 20  Hz  bandwidth  spectrum.  | 

Also,  the  scattered  wave  (or  haystack)  will  exhibit  a peak  frequency  ;i 

shift  due  to  the  motion  of  the  scattering  eddies.  In  Reference  29,  It  was  ; 

shown  that  the  peak  frequency,  f,  could  be  computed  using  the  classical  3 

Doppler  relationship:  I! 

f I -1  ^ 

= [l-Mt  cos  ('l'-30)]  (3.4-11)  ! 

where  f = peak  frequency  of  scattered  wave.  I 

“ (phase  velocity  of  eddies/c)  = 0.65 

Ip  = angle  from  jet  axis,  degrees. 

The  foregoing  procedure  will  provide  the  tone  scattering  and  haystack 
formation  for  an  Isolated  turbine  tone.  When  two  or  more  tones  occur  In  i 

close  proximity,  an  enlarged  haystack  occurs,  as  is  illustrated  in  Figure 
3.4-12.  Such  a multiple  tone  haystack  occurs,  for  example,  in  the  case  of 
the  JT9D  (Reference  32).  The  associated  spectrum  should  not  be  confused 
with  the  turbine  broadband  noise  spectrum,  as  has  apparently  been  done  by 
the  authors  of  Reference  36. 

The  turbine  noise  prediction  methods  of  Section  3.4.2  provide  both  an  f 

OASPL  and  a tone  SPL.  The  latter  Includes  the  haystack  energy  content  and 
this  energy  should  be  redistributed  into  adjacent  1/3  octave  bands  If  so 
Indicated  by  the  haystack  spillover  computed  by  the  prediction  method. 

Otherwise,  the  turbine  noise  prediction  methods  assume  that  the  tone  and 
associated  haystack  are  contained  within  the  same  1/3  octave  band  and  the 
spectrum  is  defined  accordingly. 


3.4.6  Implementation  of  Prediction  Methods 

Three  different  prediction  methods  have  been  provided  to  accommodate 
varying  needs  and  the  information  available  to  the  user. 
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Analytical  Prediction  of  Turbine  Discrete  Frequency  Noise  - 
capability  Includes  evaluation  of  aero-mechanical  configuration 
changes  such  as  blade  number,  solidity,  axial  spacing,  vane  lean, 
etc.  on  the  tone  power  level.  Implementation  requires  knowledge 
of  the  blade  geometry  and  the  stage  aerodynamics.  The  scope  of 
the  analysis  and  the  input  required  are  given  in  Table  3.4-1.  A 
computer  program,  the  coding,  a logical  flow  chart,  and  an  input 
sheet  are  given  in  Reference  29.  The  output  consists  of  the  duct 
modes  and  the  acoustic  power  level.  The  attenuation  due  to 
downstream  blade  rows  can  be  computed  using  equation  (3.4-3). 

Preliminary  Design  Method  - provides  quick,  approximate  turbine 
noise  levels  in  the  farfield.  Based  on  engine  data  correlations, 
the  method  requires  the  low  pressure  turbine  pressure  ratio,  blade 
tip  speed,  tone  frequency,  and  exit  area  as  Inputs.  The  turbine 
noise  OASPL,  which  includes  both  discrete  frequency  and  broadband 
content,  at  the  peak  angle  (120"  for  high  bypass  turbofan  engines) 
is  computed  using  equation  (3.4-6).  The  SPL  for  the  1/3  octave 
band  containing  the  "dominant"  stage  BPF  is  obtained  using  equation 
(3.4-7)  and  the  corresponding  air  attenuation  and  EGA.  The  domi- 
nant stage  normally  consists  of  either  the  last  or  second-to-last 
stage.  The  SPL  is  logarithmically  subtracted  from  the  OASPL  and 
the  resultant  "broadband"  OASPL  is  distributed  according  to  the 
spectra  of  Figure  3.4-5.  The  process  is  repeated  at  the  other 
angles  with  the  OASPL  being  determined  through  the  directivities 
of  Figure  3.4-6  and  the  tone  SPL  through  the  1/3  octave  band 
directivity  in  Figure  3.4-7. 

The  tone  SPL  is  attributed  in  its  entirety  to  the  1/3  octave  band 
containing  the  BPF  of  interest  unless  exercise  of  equations 
(3.4-9)  through  (3.4-11)  shows  the  associated  haystack  spilling 
over  into  the  adjacent  1/3  octave  bands.  It  is  recalled,  once 
again,  that  the  haystack  spectrum  is  distinct  from  the  broadband 
noise  spectrum,  and  that  they  must  be  computed  separately  and 
added  together  to  obtain  the  turbine  noise  spectrum. 

Comprehensive  Method  - provides  a complete  turbine  noise  spectrum 
through  consideration  of  the  stage  parameters  rather  than  the 
overall  turbine  performance.  It  is,  for  this  reason,  inherently 
more  accurate  than  the  Preliminary  Design  Method.  The  computa- 
tional method  is  similar  to  the  preceding  and  is  outlined  in  the 
flow  chart  of  Figure  3.4-13.  The  input  required  is  the  stage 
pressure  ratio,  inlet  relative  Mach  number  at  the  rotor  tip,  tip 
speed,  tone  frequency,  blade  row  spacing/chord  ratio,  and  the 
stage  exit  area.  The  peak  angle  OASPL  and  BPF  1/3  octave  band  SPL 
are  calculated  using  equations  (3.4-4)  and  (3.4-5).  The  spectrum, 
directivity,  and  haystacking  are  determined  as  in  the  Preliminary 
Design  Method. 


The  two  semlemplrlcal  methods  were  derived  using  data  from  high  bypass 
turbofan  engines.  Subsequently,  it  was  found  that  the  methods  would  also 
provide  reasonable  prediction  of  the  turbine  noise  from  turbojet  engines 
(see  Figure  3.4-4  which  Includes  J8S  data).  However,  the  peak  angle  must 
first  be  shifted  to  110”  - high  bypass  turbofan  engine  turbine  noise  gene- 
rally peaks  at  120”. 


1 


Table  3.4-1.  Analytical  Computation  of  Turbine  Tone,  Power  Level. 


1.  Noise  Generation  Mechanisms  are  Similar  to  Those  for 
Fan/Compressor 

2.  Viscous  Wake  Interaction  Is  the  Dominant  Mechanism 

3.  Modified  Analytical  Model  Developed  for  Fan/Compressor 
Noise  to  Accommodate  Turbine  Blading: 

• Thick,  Highly  Cambered  Blades 

• Trailing  Edge  Thickness 

• Favorable  Pressure  Gradients 

4.  Input 

• Pressure 

• Blade  Relative  Velocity 

• Number  of  Vanes  and  Blades 

• Turbine  Size 

• Axial  Spacing 

• Blade  Geometry 

- Chord 

- Solidity 

- Aspect  Ratio 

- Trailing  Edge  Thickness 

5.  Output 

• Tone  PWL  at  Source 

6.  Apply  Blade  Row  Attenuation  Per  Stage 
-Tone  PWL  at  Turbine  Exit 
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Figure  3.4-4  Noise  Level  Correlation  for  Preliminary 
Design  Use. 
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Figure  3.4-7  Effect  of  Bandwidth  on  Tone  Directivity 
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Figure  3.4-9  Effect  of  Power  Setting  on  Tone  Directivity 
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Figure  3.4-13.  Flow  Chart  for  Comprehensive  Turbine  Noise  Prediction  Procedure. 
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SYSTEMS  STUDY 


An  Important  and  extremely  practical  result  of  the  Core  Engine  Noise 
Control  Programs  is  that  the  capability  to  carry  out  aircraft  noise  systems 
studies  has  been  substantially  enhanced.  As  outlined  in  the  previous 
sections,  combustor  and  turbine  noise  can  now  be  accurately  predicted.  Methods 
for  prediction  of  high  bypass  Jet  noise  and  that  due  to  obstructions  in  the 
flow  were  also  presented  in  the  Final  Report  on  FA72WA-3023.  This  permits 
the  evaluation  of  flight  system  noise  in  a more  thorough  and  detailed 
manner. 

A plot  of  the  noise  event  produced  by  the  flight  of  an  aircraft  is 
shown  in  Figure  4-1  as  the  perceived  noise  in  PNL  as  a function  of  time. 

From  this  tone-corrected  PNL  event  one  can  calculate  by  well  known  relation- 
ships the  effective  perceived  noise  level  in  EPNdB.  This  PNL-tlme-hlstory 
is  of  course  Che  result  of. a series  of  noise  spectrums  averaged  over  selected 
time  increments,  and  plotted  as  a function  of  time.  The  time  scale  can  be 
translated  into  angles  from  the  engine  inlet  when  the  flight  geometry  and 
aircraft  velocity  are  known.  The  spectrum  measured  at  each  angle  (or  time 
increment)  is  the  sum  of  the  spectra  produced  by  the  noise  sources.  For 
example  in  Figure  4-2  a typical  systems-noise-spectrum  at  an  approach 
power  setting  has  been  decomposed  into  the  most  important  component  spectra. 

; Different  sources,  out  of  the  four  plotted  here,  control  or  impact  different 

regions  of  the  systems  spectrum  and  this  "mix"  of  component  spectra  is, 
for  a given  engine  and  airframe,  a function  of  both  power  setting  and  angle 
from  the  engine  inlet.  It  is  apparent  therefore,  that  if  a prediction  of 
the  flight  noise  of  a new  englne/alrcraf t is  to  be  made,  or,  if  an  assessment 
of  the  impact  of  each  component  noise  source  is  to  be  carried  out  on  a 
measured  aircraft  system  noise  event,  in  both  cases  a description  of  the 
major  noise  sources  is  required.  This  description  must  include  spectrum 
characteristics  as  a function  of  far-field  angles  and  power  setting.  This 
type  of  detailed  systems  study  is  now  possible  with  the  level  of  combustor, 
turbine,  and  jet  noise  predictive  capability  produced  by  the  Core  Engine 
Programs. 

This  very  detailed  accounting  of  all  component  spectra  in  the  aircraft 
nolse-event-time-history  is  very  time  consuming.  Although,  it  is  used  in 
selected  systems  studies,  a simple  approach  is  often  required  for  preliminary 
assessments  and  large  scale  studies  covering  extensive  variation  of  the 
parameters.  This  approach  is  based  on  the  fact  that  for  most  subsonic 
aircraft,  the  EPNL  is  effectively  controlled  by  the  peak  PNL  and  the  duration 
correction.  If  a change  is  made  in  any  combination  of  noise  components  the 
change  in  the  peak  PNL  usually  affects  the  EPNdB  more  than  the  duration 
change.  A simplified  systems  study  approach  has  been  developed  by  concen- 
trating on  the  change  in  the  peak  PNL  components,  and  handling  the  resulting 
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duration  changes  as  a second  order  effect.  An  exampJe  of  the  results  of 
this  technique  Is  shown  In  Figure  4-3,  where  the  major  noise  components 
have  been  assessed  In  terms  of  PNdB  at  the  maximum  angles  In  both  the 
forward  and  aft  quadrants.  These  component  PNL's  were  determined  using  the 
prediction  capability  developed  under  the  Core  Engine  Program.  The  effects 
of  forward  aircraft  speed  are  included  as  well  as  the  Important  atmospheric 
propagation  efforts.  The  case  shown  In  Figure  4-3  Is  for  a typical  high- 
bypass  ratio  turbofan  powered  aircraft  with  a treated  nacelle,  at  the 
takeoff  altitude  and  power  setting  of  today's  wldebody  aircraft.  Similarly 
in  Figure  4-4  the  approach  case  is  shown.  At  the  right  of  each  figure  Is 
the  EPNL  value  determined  from  the  peak  PNL's  and  appropriate  duration 
corrections.  Regardless  of  whether  these  figures  represent  an  existing 
englne/alrcraf t or  whether  It  Is  the  prediction  of  a new  aircraft  system, 
the  capability  to  accurately  construct  data  like  that  on  Figures  4-3  and 
4-4  permit  systems-nolse-studles  to  be  conducted  with  the  following  results. 

• It  leads  to  concentration  of  development  activity  on  the  most 
"Important"  noise  sources.  In  the  examples  used  one  would  conclude 
that  If  significant  takeoff  noise  reduction  Is  to  be  achieved  the 
jet  and  aft  radiated  fan  noise  must  be  reduced.  Similarly  at 
approach,  the  major  contributor  Is  aft  fan  noise  with  the  turbine 
generated  noise  becoming  Important  for  larger  noise  reduction 
goals. 

• It  provides  the  Impact  of  a given  level  of  component  noise  reduction 
on  the  system  EPNdB.  Although  "major  sources"  are  usually  apparent, 
the  secondary  sources  in  a given  "component-mix"  also  contribute 
and  these  contributions  prevent  the  system  EPNdB  reduction  from 
being  as  large  as  a given  component  PNL  reduction.  Incorrect 
assessment  of  the  secondary  sources  often  leads  to  less-than- 
antlcipated  FPNL  reductions  for  a major  component  suppression. 

A corollary  of  this  is  that  accurate  component  prediction 
capability  also  permits  the  correct  assessment  of  engine  measured 
component  suppression,  either  static  and/or  flight.  A component 
noise  reduction  feature  which  falls  to  perform  as  expected  on  an 
engine  or  aircraft  test  can  be  the  result  of  poor  design,  or  the 
masking  effect  of  another  noise  source.  Test  results  can  be 
properly  Interpreted  In  this  case  If  reliable  noise  component 
prediction  capability  is  in  hand. 

• The  evaluation  of  EPNdB  changes  produced  by  cycle  or  design 
modifications  due  to  engine  "growth"  can  be  done  with  confidence. 
Modifications  to  aircraft  engines  which  Increase  and/or  Improve 
performance  are  continually  being  studied  and  implemented,  and 
the  Impact  on  noise  must  be  accurately  evaluated. 

• "Lower-noise"  engine  designs  which  have  minimum  Impact  to  the 
englne/alrcraf t system  can  be  determined.  If  for  example  a 
system  noise  reduction  of  2 EPNdB  Is  needed  at  approach,  the 
component  PNL's  of  Figure  4-4  Indicate  that  various  combinations 


of  aft  fan  noise,  forward  fan  noise,  and  aft  radiated  turbine 
noise  reduction  could  meet  the  required  systems  noise  reduction 
goal.  In  fact  there  are  an  infinite  number  of  noise  reduction 
combinations  for  these  three  components  which  give  the  required 
suppression.  Without  accurate  component  prediction  methods,  the 
only  feasible  approach  is  to  over-design,  i.e.  reduce  all  three 
components  by  a generous  amount.  This  insures  success  but  often 
unnecessarily  penalizes  the  engine  in  terms  of  weight,  performance 
and  cost.  With  component  prediction  capability  a design  can  be 
selected  based  on  a system  trade  study.  The  acoustic  portion  of 
such  a study  is  illustrated  in  Figure  4-5  where  for  simplicity 
one  of  the  variables,  i.e.  forward  fan  noise  reduction,  is  held 
constant,  and  the  system  EPNdB  change  is  shown  as  a function  of 
combinations  of  aft  fan  and  turbine  noise  reduction  (in  component 
PNL) i plotted  in  a "carpet  plot."  The  dashed  line  which  represents 
a constant  2 EPNdB  system  reduction,  shows  that  aft  fan  reduction 
from  2 to  10  PNdB  is  required  in  conjunction  with  turbi.ie  reduction 
of  0 to  8 PNdB.  The  "balance"  between  these  component  suppressions 
can  be  stlectec!  now,  based  on  the  economic  impact  of  various 
suppression  approaches. 

• The  combustor  and  turbine  prediction  techniques  which  have  been 

developed  provide  some  insight  into  source  mechanisms  and  resulting 
important  variables  which  result  in  novel  noise  reduction  approaches. 
The  definition  of  source  characteristics  and  transmission  phenomenon 
involved  in  combustion  and  turbine  noise  which  has  beeq  generated 
on  this  program  have  provided  insight  into  these  physical  processes 
and  naturally  result  in  the  identification  of  unique  opportunities 
to  affect  noise  reduction  of  these  components. 

The  foregoing  comments  list  general  systems  noise  study  advantages 
resulting  from  the  technology  produced  under  the  Core  Engine  Program. 

There  are  also,  some  specific  results  related  to  the  turbine  and  combustor 
noise  sources  that  are  Illustrated  with  noise  studies  of  future  engine 
systems. 

The  noise  components  of  one  of  these  future  engines  are  shown  in 
Figures  4-6  and  4-7  at  takeoff  and  approach  respectively.  This  engine  is 
typical  of  an  energy-efficient  turbofan  with  a bypass  ratio  of  7.5,  in  a 
long  duct  mixed  flow  nacelle.  Typical  values  of  aircraft  gross  weight, 
takeoff  attitude,  approach  power  setting,  and  aircraft  velocities,  have 
been  used  in  making  these  estimates  and  these  are  tabulated  on  the  figures. 
Similarly  Figures  4-8  and  4-9  show  the  noise  components  of  a typical  high- 
bypass  ratio  (6~  12)  turbofan  which  might  power  a short  takeoff  and  landing 
(STOL)  aircraft  of  the  future.  An  acoustic  design  criteria  of  95  EPNdB  for 
a 500  foot  sideline  distance  has  been  assumed  as  a possible  STOL  aircraft 
noise  criteria.  A study  of  these  noise  components  (and  the  previously 
shown  "current-engine"  components)  from  a systems  viewpoint  leads  to  the 
following  conclusions  about  turbine  and  combustor  noise. 


• Turbine  noise  Is  an  Important  noise  component  at  approach  power, 
for  both  current  and  future  turbofan  engines.  The  noise  components 
shown  on  Figure  4-4  for  a current  high  bypass  ratio  turbofan  in  a 
treated  nacelle  has  been  reduced  by  about  5 PNdB  due  to  acoustic 
treatment.  If  additional  system  noise  reduction  is  desired  the 
turbine  noise  should  be  reduced  still  further  in  order  to  provide 

a balanced  system  design.  Future  engines,  as  shown  in  Figure 
4-7  will  emphasize  the  need  for  turbine  noise  reduction  for  two 
reasons;  1)  the  other  major  sources  have  been  reduced  as  a result 
of  Improved  suppression  performance  and  a higher  bypass  ratio, 
mixed  flow  exhaust  system  and  2)  turbine  noise  has  tended  to 
Increase  because  of  higher  loading  per  stage.  Mixer  nozzles  on 
the  core  also  reduce  the  area  available  for  treatment.  These 
factors  result  in  a turbine  noise  reduction  requirement  of  7 PNdB 
in  order  to  meet  a stringent  study-noise  goal.  As  indicated  with 
the  shaded  areas  on  Figure  4-7  the  required  turbine  noise  reduction 
will  need  both  suppressor  (2  PNdB)  and  source  noise  (5  PNdB) 
reduction  features.  It  is  obvious  that  accurate  turbine  prediction 
techniques,  as  provided  under  this  current  Core  Noise  Program,  are 
mandatory,  if  a correct  and  early  assessment  of  the  Impact  of  turbine 
noise  on  the  system  noise  requirements  is  to  be  feasible. 

• Unsuppressed  turbine  noise  is  also  shown  to  be  important  in 
assessing  STOL  engine  acoustics  in  Figure  4-8.  It  is  the  highest 
aft  radiated  noise  component  at  approach  and  a contributor  to  the 
system  noise  level  at'  takeoff.  In  both  cases,  suppression, 
indicated  by  the  shaded  area,  would  be  necessary  to  achieve  the 
system  noise  goals. 

• This  present  work  has  provided  insight  into  the  mechanism  of  turbine 
noise  generation  and  transmission  so  that  the  effects  of  stage 
loading,  wheel  speed,  and  blade  number  can  be  assessed  for  future 
designs.  The  effects  of  the  jet  mixing  layer  in  scattering  turbines 
tones  have  been  described  which  enables  an  accurate  accounting  for 
this  "haystacking"  phenomenon  in  static  and  flight  tests,  and  with 
various  nozzle  geometries. 

• The  combustion  noise  shown  as  a component  in  these  systems  studies 
is  not  a major  contributor  for  most  current  fan  engines  or  for  the 
energy  efficient  turbofan  whose  components  are  shown  in  Figure  4-6 
and  4-7.  It  is  Important,  however,  in  these  systems  to  have  a 
reliable  combustion  noise  assessment  in  order  to  accomplish  the 
results  in  a systems  noise  study  discussed  earlier  in  this  section. 
There  is  a specific  advantage  not  previously  mentioned  which  comes 
about  from  this  combustion  noise  prediction  capability,  in  the  area 
of  jet  noise  l.e.,  determination  of  jet  noise  relative  velocity 
effects.  Since  the  combustion  and  jet  noise  spectra  shapes  are  very 
similar  it  has  been  difficult  in  the  past  to  determine  the  change  in 
Jet  noise  which  comes  about  as  a result  of  forward  motion.  When 
"unexpected"  relative  velocity  effects  were  detected  from  test 
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results,  it  has  been  convenient  to  suspect  combustion  noise  as  a 
contaminating  noise  floor.  With  the  combustion  noise  prediction 
capability  developed  under  this  program  in  hand,  jet  relative 
velocity  effects  can  be  determined  experimently  with  confidence. 

• There  are  engine  systems  on  which  the  combustion  noise  does  become  a 
major  noise  component.  The  STOL  engine  noise  components  shown  in 
Figures  4-8  and  4-9  Illustrate  such  an  engine.  The  Impact  of 
unsuppressed  combustion  noise  at  takeoff  and  approach  In  this  case 
demanded  a suppressor  system  as  indicated  by  the  cross-hatched 
areas.  Although  not  specifically  studied,  it  is  anticipated  that 
turboshaft  and  duct  burning  turbofans  may  also  have  significant 
combustion  noise. 

• Finally  the  capability  to  determine  the  change  in  combustion  noise 
due  to  low  emissions  combustor  designs  Is  Important  and  has  been 
discussed  In  a previous  section. 

In  summary,  the  turbine  and  combustion  noise  investigations  carried  out 
under  this  program  have  made  a substantial  Impact  on  the  ability  to  carry  out 
meaningful  systems  noise  studies.  Major  component  sources  can  now  be 
accurately  determined  and  engine  acoustic  systems  designs  can  now  be  developed 
which  minimize  the  cost,  weight,  and  performance  penalties  associated  with 
noise  reduction  features. 
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Figure  4 -7  Future  High  Bypass  Turbofan  Engine  Noise  Components  (Approach) 


• Takeoff  Power 

• 500  Ft.  Sidelina  (150.4  m) 


Figure  4 -8  Future  High  Bypass  Turbofan  Engine  Noise  Components  for  STOL  Application 
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Future  High  Bypass  Turbofan  Engine  Noise  Components  for  STOL  Application 


SECTION  5.0 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  results  of  this  program  and  Its  predecessor,  FA72WA-3023,  have  pro- 
vided slgnflcant  technological  gains  In  the  area  of  core  engine  noise  source 
prediction  and  reduction.  The  benefits  derived  from  these  programs  may  be 
summarized  as  follows: 

1.  A substantial  data  base  of  component  and  engine  core  noise  data 

has  been  accumulated  Including  new  advanced  low  emissions  combustors. 

2.  The  core  engine  noise  prediction  methods  permit  accurate  prediction 
of  component  levels  for  existing  and  future  engine  systems.  Major 
and  minor  sources  can  be  Identified  and  resources  concentrated 

on  the  problem  areas  In  a cost-effective  manner.  Also,  there  Is 
Increased  confidence  In  cycle  selection. 

3.  Knowledge  of  Individual  component  levels  allows  estimation  of 
flight  effects  through  comparison  of  static  and  flight  data.  For 
example,  jet  noise  flight  effects  can  be  determined  with  confidence 
only  when  the  combustor  levels  are  known. 

4.  Viable  methods  of  obtaining  suppression  of  core  engine. noise  com- 
ponents were  Identified,  Including  compact  suppressors  for  low 
frequency  noise.  In  particular,  energy  efficient  noise  reduction 
at  the  source  Is  desirable  - leaned  vanes  and  spacing  for  turbines, 
lowered  reference  velocity  for  combustors,  exploitation  of  turbine 
and  nozzle  blade  row  attenuation,  24  lobe  mixer  for  jet  noise  and 
so  on.  The  understanding  of  the  source  mechanisms  attained  as  a 
result  of  this  program  and  FA72WA-3023  could  lead  to  other  new  and 
novel  approaches  to  obtaining  suppression. 

5.  Core  engine  noise  components  of  major  concern  are  turbine  and  com- 
bustor noise.  Turbine  noise  Is  and  will  be  a factor  for  CTOL 
systems  at  approach  power,  requiring  about  5 PNdB  noise  suppression 
at  the  source,  over  and  above  that  available  through  acoustic 
treatment  for  advanced,  fuel  efficient  engines.  Combustor  noise 

Is  a significant  contributor  generally  where  jet  and  fan  noise 
levels  are  depressed.  This  would  Include  configurations  utilizing 
mixers,  very  high  bypass  cycles  (STOL),  low  approach  power  settings, 
and  turboshaft  engines  with  quiet  prop  Installations.  In  addition, 
duct  burners  could  present  a potential  combustor  noise  problem  due 
to  lack  of  turbine  attenuation  or  because  of  excitation  of  duct 
resonances . 
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6.  Current  techniques  of  reducing  emissions  by  increasing  reactant 
velocity  through  the  primary  combustion  zone  will  Increase  combustor 
noise.  However  the  impact  on  the  system  noise  levels  is  negligible 
for  current  CTOL  engines.  Also,  growth  cycles  will  have  a much 
greater  Impact  on  the  emissions  than  on  noise. 

7.  Diagnostic  tools  were  developed:  (1)  sound-separation  using 
Internal  sensors  was  demonstrated  for  both  high  and  low  frequency 
noise,  (2)  coherence  was  used  to  produce  farfleld  combustor  noise 
spectra,  and  (3)  probe-acquired  internal  measurements  in  the 
vicinity  of  the  combustor  were  shown  to  be  representative  of 
farfield  noise  levels. 

8.  The  stage  has  been  set  for  further  improvement  in  the  engine  noise 
prediction  methods  by  recognition  of  all  the  individual  elements 
Involved:  source  noise  generation,  transmission  losses,  and 
radiation  effects. 

These  two  programs  have  provided  many  answers;  but  as  is  usual,  they 
have  also  raised  many  questions.  Several  promising  leads  have  been  generated 
which  need  to  be  pursued.  The  following  recommendations  for  further  work 
address  the  Immdedlate  needs  Identified  by  this  program. 

• Identify  viable  means  of  obtaining  turbine  source  noise  reduction. 
This  will  Impact  both  current  and  future  CTOL  systems.  The  systems 
study  has  high-lighted  this  requirement. 

• Continue  the  .elemental  approach  to  turbine  and  combustor  noise 
study  whereby  noise  production  at  the  source,  transmission,  radia- 
tion, and  propagation  (including  inflight)  effects  are  considered 
separately.  The  turbine  and  combustor  tests  conducted  under  this 
program  have  demonstrated  the  value  of  such  an  approach.  There  is 
considerable  potential  for  exploitation  of  the  different  elements 
to  obtain  farfield  noise  reduction,  e.g.,  through  blade  row 
attenuation. 

There  are  some  specific,  items  which  merit  further  investigation: 

• The  core  noise  radiation  by  an  engine  incorporating  one  of  the 
super  low  emission  combustors,  such  as  tested  in  the  High  Density 
Parametric  Tests,  should  be  determined.  There  are  questions  as  to 
the  spectrum  and  power-level.  The  sound-separation  probe  would 
provide  the  ideal  diagnostic  tool. 

• The  suppressive  effect  of  the  exhaust  nozzle  on  low  frequency 
noise  should  be  analyzed  in  greater  detail.  Models  have  been 
proposed  for  both  the  "transmission"  (accelerating  flow)  and 
"radiation"  problems  (for  characteristic  length  <<  sound  wave- 
length). These  should  be  refined  and  validated. 
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• The  dependence  of  turbine  noise  attenuation  by  blade  rows  on  the 
frequency,  tip  speed,  and  other  parameters  should  be  verified 
parametrically  through  analytically  modeling  and  controlled  tests. 

» The  viscous  wake  Interaction  model  for  discrete  frequency  noise 
generation  should  be  extended  to  predict  broadband  noise  as 
suggested  by  the  results  of  the  turbine  tests. 

• The  mechanism  responsible  for  the  two  lobed  directivity  for  the 
extended  fan  shroud  model  tests  should  be  clarified.  It  could  be 
of  significance  to  flyover  noise  levels. 
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Table  A-1  Combustor  Rig  Test  Data  SPL* 
Upstream  Acoustic  Probe  **  Downstream  Acoustic  Probe 


00 

00 

OS 

Os 

fO 

GO 

so 

o 

rH 

CO 

rH 

so 

m 

Os 

SO 

4 

in 

in 

in 

00 

*» 

SO 

OS 

CO 

. 

XO 

o 

lO 

C^J 

CM 

v7 

so 

OS 

n4 

CM 

4 

sO 

fO 

CO 

rH 

00 

so 

in 

&\ 

d 

rH 

CO 

4 

CO 

fO 

CO 

CO 

fO 

ro 

fO 

CO 

CO 

■4 

4 

4- 

4 

4 

4 

4 

CO 

CO  CO 

CO 

CO 

CO 

CO 

CO 

m 

rH 

rH 

?H 

rH 

rH 

r-4 

Pri 

►H 

rH 

tH 

rH 

rH 

iH 

rH 

rH 

fH 

rH  f-J 

rH 

rH 

H 

rH 

M 

iH 

rH 

rH 

00 

SO 

SO 

o 

S3- 

o 

CO 

in  00 

CM 

CM 

m 

00 

CM 

rH 

iH 

CM 

m 

CO 

4 

CO 

CO 

SO 

00 

rH 

o\ 

o 

rH 

o\ 

O 

CM 

CM 

CO 

<r 

00 

OS 

r*^ 

OS 

O 

rH 

CM 

as 

CO 

rH 

00 

in 

rH 

n* 

CM 

CO 

CO 

CM 

m 

CO 

CO 

CO 

CO 

CO 

•4 

4 

4 

4 

in 

4 

4 

4 

CO 

CO 

CO 

CO 

CM 

CM 

CM 

CO 

m 

f-H 

iH 

rH 

fH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

•H 

rH 

tH 

rH 

rH 

fH 

fH 

rH 

tH 

rH 

rH 

rH 

rH 

rH 

rH 

fH 

CO  00 

m 

Os 

SO 

O 

O 

SO 

o 

OS 

m 

4 

rH 

m 

OS 

rH 

CM 

Os 

CO 

CO 

m 

CO  4 

rH 

SO 

00 

o 

SO 

tn 

so 

so 

lO 

in 

so 

00 

O 

so 

SC 

CO 

4 

4 

in 

CO 

rH 

Os 

n* 

SO 

CO 

rH 

CM 

4 

m 

m CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

>4 

4 

4 

4 

4 

4 

4 

4 

CO 

<o 

CO 

CO 

CO 

CO 

CO 

CO 

m 

rH 

rH 

iH 

rH 

*H 

rH 

rH 

rH 

iH 

rH 

rH 

rH 

rH 

fH 

fH 

fH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

o 

r-«  sr 

rH 

CO 

SO 

00 

in 

CH 

00 

CM 

Os 

00 

SO 

rH 

CO 

m 

00 

00  o 

r-t  O 

•jf 

O 

rH 

rH 

rH 

CM 

CM 

Mf 

SO 

Os 

Os 

00 

Os 

OS* 

CM 

CM 

O 

4 

rH 

00 

OS 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

St 

4 

4 

4 

4 

4 

4 

4 

4 

CO 

CO 

CO 

CM 

CM 

CM 

CO 

m 

rH 

tH 

rH 

rH 

rH 

rH 

rH 

fH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

fH 

fH 

fH 

rH 

fH 

fH 

rH 

iH 

rH 

rH 

rH 

rH 

o 

00 

CM 

-4- 

OS 

CO 

*n 

rH 

CO 

rH 

00 

rH 

4 

CM 

CM 

SO 

CM 

O 

in 

o 

m 

4 

OS  4 

00 

so 

CO 

CO 

00 

00  as 

d 

O 

CM 

CO 

00 

00 

O* 

sf 

CO 

4 

rH 

O 

Os  O 

C7S 

CO 

4 

SO 

CM 

CM 

CO 

CO 

CO 

CO 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

4 

4 

4 

4 

4 

4 

CO 

4 

CO 

CO 

CO 

CO 

CO 

in 

rM  rM 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

r-t 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

fH 

rH 

rH 

rH 

rH 

to 

rH 

lO 

OS 

00 

in 

o 

rH 

CM 

00 

o 

rH 

rH 

00 

O 

00 

00 

m 

oo 

in 

o 

1**^  00 

00 

tn 

in 

Os 

CM 

O 

m 

CO  4 

00 

in 

00 

00 

CO 

o 

r-N. 

cd 

CM 

cd 

4 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

«o 

r » 

c*> 

4 

4 

4 

4 

4 

4 

m 

s»» 

n 

r 1 

CM 

CM 

CM 

CM 

ITS 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

fH 

fH 

rH 

rH 

rH 

fH 

fH 

fH 

rH 

rH 

fH 

CD 

00 

m 

OS 

\0 

o 

00 

OS 

in 

•4 

O 

sD 

OS 

CM 

OS 

CM 

CJS 

o 

in 

CO 

o 

rH 

rH 

OS 

CO 

CM 

s0 

rH 

O 

as 

O 

00 

00 

o 

o 

CM 

so 

SO 

o 

CO 

O 

CO 

00 

00 

so 

SO 

so 

in 

CO 

CO 

rH 

rH 

CO 

CO 

CO 

CO 

CM 

<o 

CM  CM 

CO 

CO 

CO 

CO 

CO 

4 

4 

4 

4 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

m 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

iH 

O >tf 

•OX 

00 

OS 

in  o 

m 

CO 

CM 

CM 

ir>  00 

sO 

rH 

4 

m 

00 

os 

SO 

in 

SO 

CO 

rH 

SO 

CM 

CO 

00 

in 

OS 

CO 

O 

CM 

m 

4 

4 

so 

vd 

in 

rH 

OS 

VO 

CM 

o 

CM 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

4 

4 

4 

4 

4 

4 

CO 

CO 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

in 

rH 

H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

fH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

o o 

CM 

xD 

sO 

00 

00 

rH 

rH 

OS 

CO 

sO 

rH  O 

4 

rH 

CM 

in 

in 

00 

in 

4 

SO 

OS 

CO 

o 

o s6 

■4 

OS 

00 

rH 

OS 

<7S 

O 

OS 

rH 

SO 

C7S 

rH 

CM 

CM 

Os 

r*. 

so 

SO 

in 

4 

o 

O SO 

rH 

CO 

CO 

CM 

CM 

CO 

CM 

CM 

CO 

CM 

CO 

CO 

CO 

CO  4 

4 

4 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

in 

iH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

fH 

o 

t-t  CT> 

rH 

40 

SO 

CO  o 

m 

00 

CM 

Os 

CO 

o 

rH 

SO 

<r 

o 

CO 

OS 

rH 

CO 

o 

SO 

00 

SO 

ih  <'S  ^ 

00 

SO 

os 

CO 

OS 

CM 

4 

so 

in 

CO 

SO 

sd 

sd 

d 

00 

m 

CM 

rH 

CM 

CM 

CM  CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

4 

4 

4 

4 

4 

CO 

CO 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

in 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

fH 

iH 

rH 

rH 

rH 

fH 

fH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

Bh 

00 

CO 

r* 

CO 

CD 

00 

00 

rH 

rH 

o 

CTS  4 

in 

SO 

CM 

CO 

00 

o 

o 

CM 

SO 

CO 

CO 

rH 

00 

so 

•4- 

CM 

CO 

SO 

rH 

CO 

CM 

rH 

CO 

CO 

d 

OS 

in 

CO 

CO 

CM 

OS 

Os 

CM 

sO 

CO  CO 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

m 

m 

CO 

CO 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

rH 

rH 

CM 

CM 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

iH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

lO  '«a‘ 

so 

SO 

CO 

rH 

CO 

00 

m 

rH 

OS 

CM 

00 

OS 

OS 

CM 

in 

in 

ox  00 

xO 

n- 

00 

in 

lO  s6 

CO 

rH 

CM 

m 

in 

SO 

00 

os 

o> 

o 

CM 

rH 

OS 

CM 

CO 

o 

cs 

so 

CO 

CM 

CM 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

in 

m 

4 

4 

4 

CO 

CO 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

SO 

• oo**^QOinooO“^ooooooooooooooo 
H^m>000o<^v00‘0>-to0‘*'>00>c>000icv00000 

o 
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Table  A-3  Combustor  Rig  Test  Data  SPL' 
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Low  Frequency  Noise 


Table  B-1 


Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  1 Reading  No.  191 

V18  = 893  £t/sec  ( 272  m/sec)  T18  = 837 ( 354 

V8  = 1^78  ft/sec  ( ^50  m/sec)  T8  = 1376  ^ 764 


Angle  to 

inlet 

(degrees) 

Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

78.7 

(79.0) 

82.3 

77.9 

(80.8) 

76.3 

(79.8) 

(78.0) 

(76.8) 

50 

(79.0) 

(80.0) 

80.0 

(80.0) 

78.0 

(79.0)(80.7) 

(78.3) 

(78.8) 

60 

(80.7) 

(85.6) 

80.4 

(80.5) 

(81.0) 

76.2 

(80.8) 

(78.5) 

(77.7) 

70 

(81.2) 

84.0 

88.1 

(81.7) 

(81.5) 

(79.3) (81.0) 

(78.5) 

78.4 

80 

(81.0) 

86.0 

88.1 

(83.0) 

85.2 

82.9 

(82.5) 

(80.0) 

79.8 

90 

(82.7) 

85.0 

91.2 

(83.7) 

85.3 

81.8 

84.6 

(80.8) 

83.6 

100 

(83.6) 

88.0 

88.5 

(85.3) 

86.9 

87.1 

(85.0) 

81.8 

83.8 

110 

(83.7) 

90.3 

92.9 

(88.0) 

90.1 

92.0 

(88.5) 

84.6 

88.1 

120 

87.3 

94.5 

94.3 

(90.2) 

93.5 

94.4 

(89.8) 

87.8 

88.0 

130 

90.0 

100.2 

96.0 

(93.4) 

94.2 

95.6 

(92.8) 

84.4 

(87.3) 

140 

95.3 

106.5 

(98.0) 

(98.2) 

(95.7) 

97.7 

(98.6) 

95.7 

87.2 

150 

96.2 

107.3 

97.2 

(101.5) 

(97.3) 

96.3(100.7) 

91.0 

86.8 

160 

note : Values  within  parenthesis  denote  the  broadband  floor  level  — | 

tone  Was  not  discernible. 

! 

; 1 

I < 
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Table  B-2 


Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  1 

V18  = 821  ft/sec  ( 250 
V8  = 1106  ft/sec  ( 337 


Reading  No.  151 

m/sec)  T18  = 678 ®r  ( 349 

m/sec)  T8  = 1407  °r  ( 782 


Angle  to 

inlet 

(degrees) 


Tone 

frequenc 

V - Hz 

125 

400 

625 

250 

800  1250 

375 

1200 

1875 

77.8  76.9 


79.3  75.7 


78.8)  80.1 


8.8 


86.0 


88.5 


81.5 


87.5  82.7 


73.7  81.4  (78. O' 


78.9  80.2  (78.7) 


77.9  78.4  (79-.0) 


75.1 


74.8 


75.5  74.4 


80 

78.6 

83.7 

87.5 

81.3 

78.8 

85.1 

(80.0) 

75.0 

75.9 

90 

83.3 

83.4 

93.3 

83.6 

80.1 

85.4 

(81.0) 

74.7 

(78.4) 

100 

81.8 

82.8 

93.0 

88.0 

(82.6) 

87.8 

(82.5) 

83.5 

76.9 

110 

83.9 

82.7 

93.3 

90.1 

84.6 

91.0 

(85.5) 

85.3 

75.1 

120 

87.6 

(88.0) 

96. b 

94.0 

85.8 

88.4 

(87.3) 

85.7 

77.1 

130 

90.4 

(90.0) 

99.2 

95.2 

88.4 

87.6 

(90.0) 

(85.0) 

(81.0) 

Table  B-3 


L 

Low  Frequency  Core  Noise  Directivity  Test  Data  !' 

r 

I ■ 

• 20  Ft.  (6.1in)  Arc  ■ 

• 1 Hz  Bandwidth  i 

• Tone  SPL ’ s | 

I 

h 

Configuration  No.  1 Reading  No.  i 


V18  = _ 

717 

ft/sec 

( 219 

m/sec) 

T18 

= 637 

“R 

( 354 

•k) 

! 

V8  = _ 

1088 

ft/sec 

( 332 

m/  sec) 

T8  = 

1382  Or 

( 768 

•k) 

H 

1 

’ 1 

ij 

\i 

H 

Angle  to 

inlet 

(degrees) 

Tone 

frequency  - Hz 

1 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

} j 

\i 

40 

77.4 

72.8 

86^0 

72.8 

68.9 

75.8 

(71.0) 

i 

M 

50 

78.6 

ibui 

88.0 

74.9 

71.9 

84.0 

(72.01 

70.6 

68.4 

;j 

60 

75.8 

74.9 

80.6 

77.4 

83.0 

(73.5) 

73.3 

65.7 

70 

75.8 

(74.0) 

88.0 

77.6 

73.8 

84.0 

(74.0) 

71.8 

73.7 

! 

80 

76.8 

80.1 

87.0 

79.3 

77.7 

82.0 

(75.5) 

75.7 

78.4 

j- 

90 

79.6 

94.0 

84.3 

87.5 

(79.0) 

78.3 

: 1 
; 1 

1 1 

100 

82.1 

81.3 

95.0 

.85.0 

mm 

90.5 

(78.0) 

mm 

80.3, 

i 1 
i 1 

no 

82.3 

77.7 

95.0 

87.8 

83.0 

95.0 

(80.0) 

i i 

1 4 

120 

87.6 

79.7 

99.0 

90.3 

83.1 

95.0 

(83.0) 

83.8 

82.3 

1 I 

ij 

130 

88.7 

81.7 

100.5 

92.8 

81.9 

94.0 

82.7 

80.8 

79.7 

! J 

' i 

140 

93.0 

85.7 

100.0 

93.4 

85.6 

88.0 

(38.0) 

76.7 

^1 

150 

95.4 

R9BI 

97.0 

97.0 

86.6 

79.8 

87.7 

i'v' 

h 

160 

1 

314 

i 1 

I 

& ; 

Li 


Table  B-4 

Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6. Ira)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  1 

V18  = 691  ft/sec  ( 211  ra/sec)  T18  = 

V8  = 821  ft/sec  ( 250  ra/sec)  T8  = 


Reading  No.  1 

631  Or  ( 351 

1378  Or  ( 766 


Angle  to 

inlet 

(degrees) 


Tone  frequency  - Hz 


625  250  800  1250 


75.7 

72.8 

85.0 

76.7 

wm 

89.0 

79.0 

77.3 

87.0 

82.4 

78.3 

94.0 

83.3 

80.3 

94.0 

83.0 

82.7 

94.0 

86.8 

85.0 

95.0 

88.3 

85.4 

97.5 

88.7 

87.-3 

96.0 

91.9 

(86.0) 

95.0 

82.0)  82.7 


m 


75.0  (70.0 


74.3  (71.0 


75.4  (71.0 


78.0  (73.0 


81.0  (74.0 


79.5  (75.0 


84.0  (77.0 


86.0  (77.0 


79.6  (79.0 


82.8  (82.0 


76.0  (84.0 


75.0)(85.5 


Angle  Co 

inlet 

(degrees) 


Tone 

frequency  - Hz 

125 

400 

625 

250  800  1250 

375 

1200  1875 

73.0 

73.0 

74.0 

77.0  84.0  79.5 

64.6 

73.0  68.4 

80.0  88.0  89.0  88.0  89.0  86.0 


80.5  89.0  89.0 


79.5  89.0  89.0 88.5  89.5  88.5 


83.5  92.0  86.0  89.0  92.0  85.0  74J3 


84.5  92.5  86.5  88.0  92.0  64.4  7‘ 


Table  B-7 

Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (b.lm)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  2 Reading  No.  191 


V18  = 912  ft/aec  ( 

278 

m/sec) 

T18 

= 659 

*R 

( 366 

"K) 

V8  = 

L491  ft/sec  ( 

455 

m/sec) 

T8  = 

1399 

•r 

( 777 

"K) 

Angle  to 

inlet 

(degrees) 

Tone 

frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

81.7 

80.9 

87.1 

(81.0) 

87.3 

88.8 

(83.0) 

86.7 

75.2 

50 

79.0 

84.1 

89.5 

77.7 

86.7 

88.5 

(80.0) 

82.3 

60 

(80.0) 

80.0 

84.7 

81.8 

80.0 

89.5 

(80.0) 

78.5 

77.9 

70 

(81.0) 

81.4 

86.4 

(81.0) 

(81.0) 

92.0 

79.7 

84.7 

(79. o; 

80 

(82.0) 

86.3 

89.0 

79.2 

85.3 

88.8 

(82.0) 

86.0 

90 

100 

84.8 

87.8' 

95.0 

(86.0) 

(85.0) 

90.3 

(86.0) 

84.0 

n 

110 

82.7 

91.3 

95.8 

(88.0) 

93.0 

88.1 

85.7 

85.8 

81.7 

120 

88.8 

91.9 

98.8 

89.0 

93.7 

(86.0) 

(90.0) 

(87.0) 

86.9 

130 

92.8 

95.8 

100.8 

91.7 

93.8 

86.7 

(94.0) 

(89.0) 

86.0 

140 

98.7 

99.8 

101.7 

97.0 

(96.0)(91.0) 

(98.0) 

(92.0) 

(87. o: 

150 

102.3 

101.0 

96.7 

102.0 

(97.0)(91.0)(101.0) 

(91.0) 

(86. o: 

160 

318 


Table  B-8 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 


Tone  5?PT.'a 


Configuration  No.  2 Reading  No, 


V18  = 

826 

ft/sec  C 

278 

m/sec) 

T18  = 

659 

'R  ( . 

366 

•k) 

V8  = _ 

1096 

ft/sec  ( 

334 

m/sec) 

T8  = _ 

1397 

_”R  ( . 

776 

"K) 

Angle  to 

inlet 

(degrees) 

Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

81.8 

83.3 

92.0 

(79.6) 

77.7 

77.8 

(«1.7) 

(79.0) 

80.0 

50 

76.0 

79.3 

91.8 

(78.0) 

(78.8) 

76.3 

_(79.9) 

(75.4) 

77.0 

60 

78.3 

79.8 

88.0 

(80.0) 

81.1 

76.3 

(80.0) 

(74.0) 

76.3 

70 

80.1 

80.3 

90.2 

(81.2). 

79.9 

78.1 

(80.0) 

i75.5) 

78.9 

80 

(80.0) 

84.7 

91.6 

(82.0) 

81.7 

80.7 

(8_1._0)_ 

73.7 

82.3 

90 

100 

83.8 

86.1 

97.0 

(86.0) 

84.9 

87.0 

(85.0) 

(79.8)_ 

86.4 

110 

86.3 

88.3 

98.2 

(88.0) 

86.8 

89.8 

(88.0) 

(82.6) 

87.1 

120 

88.8 

91.7 

101.0 

(90.0) 

88.7 

92.2 

(88.31 

81.0 

89.0 

130 

90.3 

96.3 

103.0 

(91.0) 

90.7 

89.5 

(90.0) 

(84.6) 

83.3 

140 

92.8 

98.0 

100.1 

(94.5) 

88.0 

84.8 

(94.0) 

(85.5) 

80.0 

150 

96.3 

94.0 

97.3 

(98.0) 

(90.2) 

82.0 

(94.9) 

(8^-3) 

(79. o: 

160 

319 


Table  B-9 


Low  Frequency  Core  Noise  Directivity  Test  Data 

e 20  Ft.  (6.1m)  Arc 
e 1 Hz  Bandwidth 
e Tone  SPL ' s 


Configuration 


No.  2 


Reading  No.  V.  1 


V18  = 

727 

ft/sec 

(. 

222 

m/sec) 

T18  = 

655 

•r  ( 

364 

*K) 

V8  = _ 

1110 

£t/sec 

( 

338 

_ m/  sec) 

T8  = _ 

1396 

_’R  ( 

776 

“K) 

Angle  to 

inlet 

(degrees) 


40 

50 

60 

70 

80 

90 

ioO 


2 


86.7 

91.4 


88.3  98.0 

90.5  100.0 


82.1  85.9  90.4  80.7 


84.1 

85.2 


Table  B-10 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  2 Reading  No.  Ill 


V18  = 

708 

ft/sec  ( 

216 

m/ sec) 

T18 

= 656 

®R 

( 364 

•k) 

V8  = 

819 

ft/sec  ( 

250 

m/sec) 

T8 

= 1424  Or 

( 791 

®K) 

Angle  to 

inlet 

(degrees) 

Tone 

frequency  - 

Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

81.9 

77.0 

90.5 

81.4 

78.1 

75.1 

678.0) 

72.0 

50 

79.3 

80.4 

89.5 

81.4 

75.1 

69.9 

-(75.01. 

HH 

60 

76.3 

73.7 

87.5 

83.8 

75.3 

69.0 

(76.0) 

R9R 

70 

74.0 

75.8 

86.5 

84.8 

75r7 

76.3 

(76.0) 

67.2 

(69.0) 

80 

76.0 

84.6 

87.5 

84.0 

82.0 

82.0 

(77.0) 

71.9 

(71.0) 

90 

80.6 

85.6 

93.5 

84.7 

83.0 

82.5 

(79.0) 

■in 

100 

76.7 

86.0 

94.5 

88.4 

82.0 

86.0 

(79.0) 

wm 

110 

79.5 

87.0 

95.5 

90.3 

84.8 

90.0 

(81.  OJ 

120 

85.7 

87.7 

96.5 

91.8 

85.3 

90.0 

(83.0) 

j|9H 

130 

87.7 

89.4 

99.0 

00.7 

87.4 

88.0 

(84.0) 

140 

90.7 

90  6 _ 

96.0 

93.4 

83.6 

(87.0) 

(79.0) 

(7,4.01 

150 

93.1 

88.8 

92.4 

95.^4 

85.3 

73.9 

(87.0) 

(76.0) 

(73.5) 

160 

321 


Table  B-11 

Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  2 


Reading  No.  101 


V18  = 

708 

_ £t/sec 

c 

216 

m/sec) 

T18  = 

653 

_“R  ( 

362 

_ *K) 

< 

00 

w 

1 

824 

£t/sec 

( . 

251 

m/sec) 

T8  = 

1446 

*R  ( 

803 

'K) 

Angle  to 

inlet 

(degrees) 

Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

80.8 

79.7 

89.8 

(75.0) 

78.5 

79.0 

(73.8) 

70.1 

68.8 

50 

78.6 

78.4 

89.0 

(76.0) 

75.5 

76.8 

(73.0) 

68.3 

(70.8) 

60 

79.0 

ISHR 

87.1 

(75.7) 

73.1 

(74.8) 

(67.1) 

(69.0) 

70 

80.3 

74.8 

84.5 

(78.1) 

(77.0) 

75.8 

(74.0) 

(68.0) 

(69.4) 

80 

78.9 

82.5 

89.0 

RRI 

80.0 

84.4 

(75.0) 

(70.0) 

71.3 

90 

80.0 

85.0 

94.3 

(79.0) 

78.1 

85.6 

(77.5) 

100 

80.7 

87.0 

95.0 

80.1 

79.1 

87.5 

RH 

110 

81.8 

86.6 

97.0 

83.7 

82.7 

91.0 

120 

86.6 

89.0 

97.8 

81.8 

85.0 

91.5 

(80.5) 

130 

87.1 

89.7 

99.2 

82.0 

86.4 

91.1 

(82.5) 

80.5 

79.5 

140 

89.5 

87.5 

97.3 

(87.0) 

83.0 

86.2 

(83.6) 

(74.8) 

(72.7) 

150 

92.8 

86.7 

93.0 

(89.0) 

82.2 

77.0 

(85.5) 

(73.7) 

(72.2) 

160 

I 


Table  B-12 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1m)  Arc  | 

• 1 Hz  Bandwidth 

• Tone  SPL's  i 

I 

Configuration  No.  2 Reading  No.  51  j 


V18  = 

489 

ft/sec 

( 

149 

m/sec) 

T18  = 

644 

*R  ( 

358 

*K) 

V8  = 

474 

ft/sec 

( . 

144 

_ m/sec) 

T8  = _ 

1014 

_'R  ( 

563 

_ 

Table  B-13 

Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  3 

V18  = 891  £t/sec  ( 272  m/sec)  T18  = 

V8  = 1481  ft/sec  ( 451  m/sec)  T8  = _ 


Reading  No.  191 

641  »R  ( 356 

1410  Or  ( 783 


Table  B-14 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration 


Reading  No.  151 


V18  = 

823 

ft/sec  ( 

251 

m/sec) 

T18  = 

638 

•r  ( 

354 

•K) 

V8  * _ 

1112 

ft/sec  ( 

339 

m/sec) 

1 

II 

00 

H 

1406 

-•r  ( 

781 

•k) 

Angle  to 

Tone 

frequency  - Hz 

inlet 

(degrees) 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

82.0 

85.0 

88.5 

(76.7) 

84.0 

77.9 

(77.0) 

76. 4 

89.3 

50 

82.3 

84.0 

89.9 

(77.5) 

82.6 

83.6 

(78.0) 

77.1 

90.1 

60 

(77.0) 

79.6 

90.0 

(78.5) 

87.4 

79.2 

76.8 

79.6 

89.3 

70 

(76.5) 

81.8 

89.3 

77.3 

85.6 

87.5 

(78.8) 

81.4 

93.0 

80 

80.6 

87.2 

90.8 

(79.0) 

83.8 

83.4 

75.7 

79.0 

96.0 

90 

85.5 

90.8 

90.4 

(80.0) 

85.2 

87.0 

(80.0) 

78.2 

98.7 

100 

75.9 

92.0 

96.0 

(81.5) 

87.4 

89.0 

(81.6) 

83.0 

98.0 

110 

87.4 

94.5 

99.0 

83.8 

88.4 

91.0 

(84.3) 

89.8 

100.0 

120 

91.0 

97.5 

101.0 

86.9 

92.3 

92.0 

(86.0) 

93.2 

97.0 

130 

95.4 

95.2 

100.6 

92.7 

90.0 

92.5 

(89.0) 

92.3 

95.0 

140 

100.0 

95.6 

101.0 

96.6 

87.7 

87.7 

(91.7) 

90.3 

77.7 

150 

102.7 

97.6 

(92.5) 

98.4 

92.7 

84.8 

(96.8) 

85.2 

85.8 

160 

101.1 

101.6 

97.1 

97.0 

91.1 

(80.8)(97.5) 

80.9 

83.4 

Table  B-15 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 

20  Ft 

. (6.1m)  Arc 

• 

1 Hz 

Bandwidth 

• 

Tone 

SPL's 

Configuration 

No.  3 

Reading  No. 

141 

V18  = 700 

_ ft/sec 

(_ 

213 

m/ sec ) 

T18  = 

639  OR  ( 

355 

"K) 

V8  = 1086 

_ ft/sec 

( . 

331 

m/sec) 

T8  = 

1423  OR  f 

790 

“K) 

Angle  to 

inlet 

(degrees) 

Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

84.7 

79.6 

87.3 

(74.0) 

79.2 

77.4 

(75.0) 

74.7 

81.6 

50 

83.0 

83.3 

89.3 

77.0 

78.0 

71.8 

(75.7) 

76.3 

60 

(75.0) 

79.6 

89.0 

(76.8) 

75.7 

80.0 

(76.3) 

81.0 

83.1 

70 

(74.0) 

83.7 

89.0 

(79.0) 

78.8 

84.0 

(75.6) 

84.8 

87.8 

80 

81.5 

87.5 

90.6 

80.2 

78.4 

83.8 

(77.3) 

90 

85.5 

89.0 

91.0 

80.7 

84.7 

85.7 

(79.0) 

79.4 

91.0 

100 

85.0 

91.0 

96.0 

(80.0) 

84.3 

87.0 

ran. 4^ 

84.4 

92.0 

110 

86.5 

92.3 

98.4 

87.3 

86.9 

90.7 

(83.0) 

88.7 

93.4 

120 

93.7 

94.4 

100.2 

86.9 

90.2 

93.8 

(85.0) 

92.0 

92.0 

130 

97.0 

91.4 

100.0 

89.6 

90.0 

94.0 

89.5 

90.4 

90.3 

140 

100.0 

94.2 

100.1 

97.4 

89.8 

89.6 

(92.0) 

89.2 

(79.9) 

150 

103.0 

95.6 

88.0 

99.6 

91.4 

00 

(94.6) 

82.8 

RHR 

160 

102.0 

97.5 

94.0 

98.9 

90.5 

80.1 

(94.6) 

78.6 

' Table  B-16 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6,lin)  Arc 

• 1 Hz  Bandwidth 
e Tone  SPL'b 


Angle  to 

Tone 

! frequency  - 

Hz 

inlet 

(degrees) 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

75.3 

83.0 

90.0 

(67.0) 

74.0 

69.9 

(70.0) 

76.5 

78.0 

50 

74.3 

85.0 

92.5 

70.9 

77.4 

70.0 

70.8 

71.3 

79.5 

60 

76.8 

84.0 

92.0 

72.6 

78.0 

71.0 

70.0 

80.0 

77.4 

70 

75.0 

84.5 

92.0 

71.0 

77.4 

73.3 

70.0 

80.0 

80.0 

80 

76.3 

86.5 

94.5 

73.8 

79.5 

75.4 

68.7 

79.5 

83.0 

90 

81.5 

89.5 

93.0 

84.5 

81.0 

80.0 

(74.0) 

79.0 

83.0 

100 

81.4 

90.0 

97.5 

76.8 

85.0 

82.0 

74.0 

82.0 

86.0 

110 

78.2 

91.5 

99.0 

78.8 

81.0 

84.0 

74.9 

85.0 

87.0 

120 

84.5 

94.5 

101.0 

80.8 

88.0 

87.5 

77.5 

88.0 

89.0 

130 

87.5 

93.0 

98.0 

81.8 

90.0 

87.0 

(80.0) 

84.5 

85.0 

140 

88.8 

93.5 

101.0 

(82.5) 

90.0 

85.0 

78.7 

82.0 

76.0 

150 

94.0 

90.0 

95.5 

(84.0) 

90.0 

80.0 

(82.0) 

78.4 

74.6 

160 

92.4 

86.0 

87.0 

(83.0) 

86.0 

74.6 

(81.0) 

75.0 

67.4 

Configuration  

No.  3 

Reading  No. 

Ill 

j 

V18  = 676 

ft/sec  (_ 

206 

m/sec) 

T18  = 

637 

-’R  ( . 

354 

»K)  ! 

V8  = 790 

ft/sec  ( 

241 

m/sec) 

T8  = _ 

1408 

_“R  ( . 

782 

1 

- °K)  i 

Table  B-17 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL ' s 


Configuration 


No.  3 


Reading  No.  101 


V18  = _ 

589 

£t/cec 

( 180 

m/sec) 

T18 

= 638  “R 

( 354 

“K) 

V8  = 

773 

ft/sec 

( 236 

m/sec) 

T8 

= 1415  “R 

( 786 

“K) 

Angle  to 

inlet 

(degrees) 

Tone  frequency  - 

Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

84.0 

.90.0 

72.0 

75.0 

70.4 

77  7 

73. p 

77.0 

50 

79.0 

86.0 

93.0 

75.0 

79.0 

73.7 

r69.5’i 

68.1 

79.0 

60 

77.0 

83.0 

93.0 

71.3 

79.0 

76.0 

(70.1) 

76.0 

70 

74.3 

85.0 

90.0 

76.3 

77.0 

78.0 

(69.0) 

77.0 

80.0 

80 

75.4 

88.0 

93.0 

78.6 

80.0 

79.0 

(70.0) 

78.0 

90 

80.5 

90.0 

88.0 

81.0 

82.5 

79.7 

70.7 

78.3 

im 

100 

78.3 

91.0 

96.0 

79.0 

85.0 

81.0 

(74.0) 

80.0 

110 

78.3 

87.0 

99.0 

82.3 

83.0 

85.0 

(75.0) 

87.0 

120 

84.0 

96.0 

100.7 

84.7 

88.0 

('76.8) 

87.0 

im 

130 

99.0 

91.0 

88.0 

77.7 

83.0 

82  0 

140 

91.0 

94.0 

100.7 

84.2 

90.8 

85.5 

76.9 

80.0 

150 

93.4 

91.0 

96.8 

84.3 

91.0 

80.0 

mi 

160 

91.2 

88.2 

78.8 

87.4 

.72,2- 

(78.8) 

68.6 

81^2 

1 


i 


Table  B-18 

Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL ' s 


Configuration  No.  3 Reading  No.  ^ 

V18  = 518  ft/sec  ( 158  m/sec)  T18  = 632  **r  ( 351 

V8  = 496  ft/sec  ( 151  m/sec)  T8  = 974  "r  ( 541 


Angle  to 

inlet 

(degrees) 

Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

75.5 

73.5 

74.0 

81.0 

84.0 

77.0 

64.6 

75.5 

69.1 

50 

77.0 

73.0 

73.0 

82.5 

87.0 

69.0 

61.9 

74.5 

67.6 

60 

76.5 

77.0 

76.5 

79.5 

85.0 

78.0 

(64.0) 

79.5 

iSRn 

70 

76.0 

67.1 

76.0 

83.0 

86.0 

80.0 

66.6 

80.0 

80 

78.0 

80.0 

64.0 

83.0 

86.0 

82.0 

70.0 

79.0 

(68.0) 

90 

80.0 

83.0 

76.5 

86.0 

89.0 

82.0 

69.4 

79.0 

70.9 

100 

78.5 

77.5 

76.0 

86.0 

90.0 

84.0 

74.4 

84.0 

68.9 

110 

81.0 

82.0 

73.3 

89.5 

90.0 

87.5 

70.7 

84.0 

75.1 

120 

81.0 

87.0 

79.0 

89.0 

92.5 

87.5 

71.7 

87.5 

81.0 

130 

82.5 

84.0 

82.0 

89.0 

91.0 

88.0 

71.3 

87.0 

79.0 

140 

85.5 

89.0 

88.0 

90.0 

93.0 

86.0 

74.9 

86.0 

76.5 

150 

84.5 

88.5 

79.5 

90.5 

94.5 

78.0 

74.7 

81.0 

73.0 

160 

83.0 

88.5 

85.0 

85.5 

89.0 

79.5 

69.9 

79.5 

74.0 

Table  B-19 


Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1in)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  4 Reading  No.  191 


via  = 

908 

ft/sec 

c 

277 

m/ sec) 

T18  = 

647 

"R  ( 

359 

®K) 

V8  = _ 

1495 

ft/sec 

( 

456 

m/sec) 

T8  = 

1406 

°R  ( . 

781 

"K) 

Angle  to 

inlet 

(degrees) 

Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

80.8 

(78.0) 

86.3 

79.8 

(82.0) 

(77.0) 

80.0 

(77.0) 

76.9 

50 

(78.0) 

89.0 

89.0 

(80.0) 

79.7 

88.0 

(79.0) 

(77.0) 

80.3 

60 

80.8 

80.8 

84.7 

77.7 

(80.0) 

79.8 

77.7 

76.4 

81.3 

70 

79.9 

82.0 

90.0 

(80.0) 

(80.0) 

83.1 

(81.0) 

79.0 

80.3 

80 

81.6 

84.8 

86.4 

(81.0) 

81.9 

81.8 

79.7 

(80.0) 

86.4 

90 

(81.0) 

83.5 

87.1 

(83.0) 

(82.5) 

83.8 

81.7 

(81.5) 

88.7 

100 

83.8 

90.6 

95.0 

86.8 

(86.0) 

90.0 

81.1 

(84.0) 

92.4 

110 

84.9 

90.3 

94.8 

86.9 

(88.0) 

93.4 

(88.0) 

89.7 

92.7 

120 

90.9 

96.0 

100.0 

93.7 

88.7 

93.4 

86.1 

92.3 

93.7 

130 

96.6 

102.3 

92.2 

96.6 

(95.0) 

92.0 

91.2 

90.9 

87.7 

140 

95.3 

100.3 

91.8 

93.8 

86.1 

(89.0)(95.0) 

85.7 

JlRJi- 

150 

102.1 

110.0 

104.6 

104.8 

101.9 

101.1 

94.7 

(91.0) 

160 

330 


Table  B-20 

Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL ' s 


Configuration  No.  4 


Reading  No.  151 


V18  = 

817 

ft/ sec  ( 

2A9 

m/sec) 

T18  = 

639 

®R  ( 355 

“K) 

V8  = _ 

1093 

ft/sec  ( 

333 

m/ sec) 

T8  = _ 

1389 

"R  ( 772 

_ “K) 

Angle  to 

inlet 

(degrees) 


Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

79.7 

69.2 

87.5 

71.9 

83.4 

80.0 

71.7 

78.4 

mm 

79.3 

84.0 

94.0 

73.5 

83.8 

82.5 

(73. o; 

84.0 

76.6 

87.0 

72.7 

81.4 

80.0 

71.7 

77.6 

84.0 

82.3 

80.9 

88.5 

76.8 

81.1 

91.0 

73.9 

85.0 

84.5 

79.7 

87.0 

91.0 

77.4 

81.1 

92.5 

(76.0)  86.5 

81.8 

78.8 

88.5 

94.5 

75.7 

83.4 

93.0 

78.0 

87.5 

89.0 

Table  B-21 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1in)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 

Configuration  No.  4 Reading  No.  141 


V18  = 

703 

ft/sec 

c 

214 

m/sec) 

T18  = 

650 

-‘R  ( 

361 

*K) 

V8  = _ 

1095 

ft/sec 

( . 

334 

m/sec) 

T8  = _ 

1390 

_*R  ( . 

772 

*K) 

Table  B-22 

Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL ' s 


Configuration 


No.  4 


Reading  No.  1 


V18  = 

671 

ft/sec 

( 205 

m/sec) 

T18 

= 648  -R 

( 360 

"K) 

V8  = 

788 

ft/sec 

( 240 

m/sec) 

T8  = 

1408  'R 

( 782 

*K) 

Angle  to 

— 

Tone  frequency  - Hz 

inlet 

(degrees) 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

77.3 

77.5 

86.0 

82.0 

83.0 

50 

74.6 

86.5 

92.5 

84.0 

82.0 

79.0 

HHI 

60 

76.6 

83.5 

- 

* 

67.9 

- 

- 

70 

77.6 

85.0 

91.0 

84.0 

81.0 

83.0 

67.7 

77,0 

74.3 

80 

81.5 

88.5 

91.0 

84.5 

79.5 

88.0 

68.7 

79.0 

73.5 

90 

77.7 

89.5 

92.5 

87.0 

84.0 

86.0 

73.0 

77.0 

77.0 

100 

77.3 

90.0 

96.0 

87.0 

86.0 

88.5 

72.9 

75.0 

76.1 

110 

81.6 

90.5 

97.0 

90.0 

86.5 

88.0 

72.7 

79.5 

79.6 

120 

81.1 

93.0 

101.5 

93.0 

90.0 

92.5 

74.7 

84.0 

83.0 

130 

86.8 

93.0 

100.0 

92.5 

92.0 

93.5 

(78.5)_ 

81.4 

81.0 

140 

84.0 

89.5 

97.0 

89.0 

88.0 

89.5 

73.2 

77.1 

73.0 

150 

93.4 

89.4 

95.0 

96.0 

90.0 

87.0 

mm 

66.9 

140 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Table  B-24 


Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m}  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL ' s 

Configuration  No.  A Reading  No.  51 

V18  = ^99 ft/sec  ( 152  m/sec)  T18  = 641  ”r  ( 356  ®k) 

V8  ~ 482  ft/ sec  ( 147  m/sec)  T8  = 1006  ( 559 


Angle  to 

inlet 

(degrees) 

Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

75.0 

73.0 

73.5 

74.5 

86.0 

80.0 

72.0 

74.0 

75.5 

50 

77.5 

84.5 

84.5 

79.0 

85.0 

82.0 

73.5 

73.5 

60 

70 

77.5 

82.0 

83.0 

80.0 

85.5 

84.5 

72.4 

76.0 

78.5 

80 

78.5 

86.0 

83.0 

80.3 

81.0 

86.5 

74.0 

77.0 

78.0 

90 

79.0 

88.0 

81.0 

82.0 

84.0 

84.0 

75.0 

78.0 

82.0 

100 

76.5 

87.5 

84.0 

83.0 

87.0 

88.0 

78.0 

75.0 

82,5 

110 

81.5 

89.0 

85.5 

85.5 

87.0 

86.0 

75.4 

79.5 

83.5 

120 

81.5 

90.0 

89.0 

86.5 

89.0 

90.0 

77.4 

81.0 

82.5 

130 

82.5 

91.0 

86.5 

86.0 

88.5 

90.0 

76.3 

82.0 

85.0 

140 

82.0 

90.0 

83.5 

84.0 

84.5 

86.5 

73.5 

78.5 

78.0 

150 

86.0 

91.5 

82.0- 

88.5 

90.0 

76.5 

74.3 

76.0 

78.5 

160 

■H- 

Table  &-25 

Low  Frequency  Core  Noise  Directivity 

Test  Data 

• 

20  Ft.  (6.1in)  Arc 

• 

1 Hz  Bandwidth 

• 

Tone  SPL's 

Configuration  No.  5 

Reading  No 

V18  = 

883 

ft/sec  ( 

269  m/aec)  T18  = 

625  -R  ( 

V8  = _ 

1494 

_ £t/sec  ( 

^55  m/secl  T8  = 

1397  .R  f 

Angle  to 

inlet 

(degrees) 

Tone 

frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

78.9 

(77.0) 

86.4 

74.8 

74.6 

79.0 

(79.0) 

75.8 

(73.0) 

50 

74.8 

(76.5) 

88.8 

77.4 

74.3 

84.6 

77.0 

(74.0) 

72.6 

60 

(75.0) 

77.3 

89.4 

(76.0) 

76.2 

79.0 

(78.0) 

78.5 

(74.0) 

70 

(75.0) 

80.1 

84.5 

77.0 

76.9 

87.2 

(77.0) 

78.4 

(77.0) 

80 

(78.0) 

79.3 

89.6 

(80.0) 

77.8 

89.0 

(78.7) 

81.7 

(77.8) 

90 

83.0 

83.0 

89.8 

79.0 

85.0 

90.0 

(80.0) 

87.0 

(78.0) 

100 

82.4 

82.9 

■95.5 

78.8 

84.1 

93.2 

(82.0) 

86.7 

(79.0) 

no 

82.8 

86.4 

97.5 

82.0 

86.7 

95.0 

(84.0) 

88.0 

81.1 

120 

89.2 

(85.6) 

100.7 

(85.0) 

88.4 

96.7 

(85.4) 

94.3 

82.4 

130 

91.3 

(89.0) 

102.3 

(90.0) 

83.8 

94.0 

(88.3) 

88.9 

84.8 

140 

93.6 

(94.0) 

103.2 

(92.6) (90. 5) (88.0) 

(94.0) 

(88.0) (84.0) 

150 

98.1 

(97.8) 

98.9 

(97.0)(91.0) 

87.6 

(97.8) 

(86.8)(83.0) 

160 

95.8 

(100.0) 

97.9 

(100.0) (90.4) (85.0) (100.0) 

(85. 3) (81.0) 

Table  B-26 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6,1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  5 Reading  No.  151 

Via  = 808  ft/sec  ( 246  m/sec)  T18  = 628  »r  ( 349  "K) 

V8  = 1084  ft/sec  ( 330  m/sec)  T8  = 1399  «»r  ( 777  «k) 


Angle  to 

inlet 

(degrees) 

Tone 

frequency  - 

Hz 

‘ ‘ ■ 1 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

80.6 

77.0 

85.0 

81.7 

76.7 

74.4 

(70.0) 

(66.0) 

66.8 

50 

80.0 

71.1 

86.0 

85.0 

81.6 

80.8 

(70.0) 

66.6 

(67.0) 

60 

76.3 

83.4 

89.7 

85.5 

77.1 

72.8 

(70.0) 

67.4 

(68.0) 

70 

75.4 

81.9 

83.8 

83.5 

77.5 

82.5 

(71.0) 

(68.3) 

70.0 

80 

80.7 

79.9 

85.4 

86.0 

80.2 

81.9 

(72.0) 

73.1 

70.0 

90 

85.5 

86.3 

89.0 

87.0 

84.6 

83.0 

(74.0) 

75.8 

(72.0) 

100 

85.0 

88.2 

92.0 

90.0 

85.5 

87.7 

(75.5) 

77.3 

79.8 

no 

85.7 

88.4 

95.0 

92.0 

87.0 

91.0 

(77.0) 

77.8 

77.5 

120 

90.1 

90.0 

97.2 

94.7 

90.0 

91.8 

(79.5) 

83.3 

80.9 

130 

91.0 

91.3 

97.7 

95.7 

92.6 

90.4 

(81.0) 

79.6 

80.8 

140 

93.8 

92.4 

98.0 

97.8 

86.9 

86.2 

(85.2) 

81.9 

(76.4) 

150 

96.8 

91.6 

90.2 

100.5 

88.4 

85.2 

(88.3) 

00 

• 

o 

160 

94.8 

89.9 

86.1 

99.1 

86.4 

79.3 

(89.0) 

(77.0) 

73.5 

337 


Table  B-27 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1in)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 

Configuration  No.  5 Reading  No.  141 

V18  = £t/sec  ( 217  m/sec)  T18  = 638  °r  ( 354 

V8  = 1078  ft/sec  ( 329  m/sec)  t8  = 1401  °r  ( 778 


Angle  to 

inlet 

(degrees) 

— , ■ ■ 1 

Tone  frequency  - Hz 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

79.6 

78.0 

■ 84.5 

67.8 

68.1 

70.8 

(68.0) 

67.6 

66.1 

50 

80.4- 

67.1 

86.3 

(70.0) 

72.7 

80.5 

(68.0) 

(64.0) 

72.4 

60 

79.0 

82.6 

88.0 

(70.0) 

73.0 

70.4 

(68.0) 

69.7 

73.0 

70 

76.4 

82.8 

85.2 

(69.6) 

68.0 

76.6 

(69.0) 

(65.5) 

78.8 

80 

81.5 

83.6 

83.8 

(70.0) 

74.0 

79.8 

(70.0) 

71.7 

74.4 

90 

85.5 

85.8 

89.3 

73.8 

78.4 

79.2 

(74.0) 

76.3 

78.4 

100 

84.0 

88.0 

93.0 

75.0 

79.2 

84.0 

(73.0) 

77.1 

71.8 

110 

87.0 

88.6 

94.2 

77.8 

80.8 

87.3 

(75.0) 

77.3 

77.3 

120 

90.2 

89.2 

97.5 

77.8 

83.4 

91.0 

(77.0) 

84.0 

82.0 

130 

92,0 

90.0 

97.8 

(81.0) 

85.0 

92.2 

(79.0) 

85.0 

79.3 

140 

95.0 

94.0 

98.0 

(83.0) 

82.4 

89.8 

(83.0) 

80.4 

(73.4) 

150 

97.0 

90.5 

92.0 

(86.4) 

81.3 

88.0 

(85.0) 

78.6 

73.7 

160 

95.0 

91.4 

86.5 

(88.0) 

79.4 

85.8 

(86.0) 

77.7 

(70.0) 

1 

! 


338 


Table  B-28 

Low  Frequency  Core  Noise  Directivity  Test  Data 


• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL's 


Configuration  No.  5 


Reading  No.  Ill 


V18  = 689  ft/sec  ( 210  m/sec)  T18  = _6A5__*r  ( 358  ®k) 

V8  = 869  ft/sec  ( 265  m/sec)  T8  = 1380  »r  ( 767  'k) 


Angle  to 

Tone 

frequency  - 

Hz 

inlet 

(degrees) 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

77.8 

77.3 

80.0 

75.3 

79.0 

68.3 

(66.0) 

(62.0) 

66.6 

50 

78.8 

70.7 

85.0 

74.0 

82.2 

68.3 

67.0 

(62.0) 

65.1 

60 

77.2 

82.0 

86.0 

72.8 

79.8 

67.5 

67.6 

(62.5) 

68.4 

70 

76.3 

80.0 

81.6 

74.0 

80.0 

68.7 

(66.7) 

(64.0) 

66.6 

80 

79.3 

81.0 

81.8 

74.0 

81.5 

70.7 

(68.0) 

(64.2) 

70.0 

90 

80.0 

85.0 

81.5 

80.0 

85.5 

70.7 

71.5 

(66.0) 

71.4 

100 

81.8 

86.0 

88.0 

79.3 

85.8 

79.2 

74.4 

67.4 

74.1 

110 

83.0 

86.8 

90.0 

84.0 

87.0 

78.0 

74.9 

70.8 

76.0 

120 

87.3 

88.4 

91.7 

85.0 

90.0 

80.3 

77.8 

73.9 

77.0 

130 

89.4 

89.0 

91.0 

87.0 

92.2 

79.1 

79.1 

72.8 

77.0 

140 

91.0 

92.4 

92.4 

86.9 

87.2 

76.4 

80.4 

(73.0)(79.5) 

150 

92.2 

91.0 

86.6 

88.8 

90.0 

78.2 

(81.0) 

(71.3) 

73.9 

160 

89.6 

91.0 

79.8 

84.7 

87.7 

75.0 

(82.0) 

(70.0) 

69.1 

Angle  to 

Tone 

frequency  - Hz 

inlet 

(degrees) 

125 

400 

625 

250 

800 

1250 

375 

1200 

1875 

40 

77.3 

81.0 

83.7 

76.3 

79.8 

62.5 

68.5 

(58.4) 

68.4 

50 

78.7 

73.0 

85.9 

78.0 

82.0 

76.8 

72.1 

62.7 

62,8 

60 

76.5 

84.0 

88.5 

78.0 

81.0 

66.8 

71.3 

61.0 

70 

76.5 

83.3 

84.3 

79.0 

81.2 

72.0 

68.1 

(60,4) 

tBB 

80 

79.9 

85.0 

85.0 

75.5 

82.7 

74.7 

66.8 

62.3 

90 

82.7 

87.3 

87.4 

82.4 

87.8 

76.8 

73.5 

(62.0) 

70.6 

100 

82.7 

88.0 

90.7 

83.0 

86.0 

80.0 

74.2 

66.1 

77.5 

no 

83.8 

88.7 

92.2 

85.0 

89.0 

82.4 

76.0 

71.4 

77.3 

120 

85.6 

88.1 

94.7 

87.0 

90.3 

86.3 

78.0 

72.1 

76.0 

130 

87.8 

88.9 

94.0 

89.3 

91.7 

86.4 

80.3 

73.2 

79.0 

140 

90.0 

92.7 

95.7 

89.2 

88.4 

86.3 

79.7 

72.7 

69.2 

150 

90.0 

92.1 

90.0 

90.7 

91.0 

83.0 

80.8 

69.1 

75.2 

160 

88.8 

92,8 

86.6 

86.3 

87.4 

77.6 

78.8 

(65.5) 

71.4 

Table  B-30 

Low  Frequency  Core  Noise  Directivity  Test  Data 

• 20  Ft.  (6.1m)  Arc 

• 1 Hz  Bandwidth 

• Tone  SPL ' s 


Configuration  No. 


Reading  No.  51 


V18  = 

489 

ft/sec  ( 

149 

m/sec) 

T18  = 

621 

'R  ( . 

345 

*K) 

V8  = _ 

482 

_ £t/sec  ( 

147 

m/ sec) 

T8  = _ 

986 

_"R  ( . 

548 

_ “K) 

Angle  to 

inlet 

(degrees) 


Tone 

frequency 

1 - HZ 

125 

400 

625 

250  ( 

mo  1250  375  1200  1875 

72.'3  72.4  77.3  68.3  67 


69.8  75.0  78.5  72.2 


70.2  74.0  76.0 


i 

Table 

C-1. 

HLFT  IVA 

1-Stage  Build 

Turbine 

Tone  Le 

1 

dB 

dB 

‘ %N/i^ 

Test 

Hz 

dB 

Tone 

Duct 

Pt 

BPF 

SPL 

PWL 

OAPWL 

110 

2546 

15845 

173.0 

176.6 

176.7 

f 

2246 

176.0 

178.8 

178.8 

1946 

175.5 

177.3 

177.3 

1646 

163.0 

163.6 

163.6 

100 

2542 

14420 

171.0 

174.8 

174.8 

2242 

170.5 

173.4 

173.4 

1942 

169.0 

170.9 

170.9 

1642 

168.5 

169.2 

169.2 

90 

2237 

12978 

174.0 

177.0 

177.0 

1937 

165.0 

167.0 

167.0 

* 

1637 

162.0 

162.8 

162.8 

70 

2229 

10094 

166.5 

169.8 

169.8 

1929 

160.5 

162.8 

162.8 

; 

1629 

162.0 

163.1 

163.1 

Table  C-2.  HLFT  IVA  3-Stage  Build  Turbine  Tone  Levels 


Hz 


Test 

Pt 

1st  Stage 
BPF 

110 

5246 

15845 

100 

4046 

3046 

2046 

5242 

14420 

80 

4042 

3042 

2042 

5237 

12978 

70 

4037 

3037 

2037 

4029 

10094 

50 

3029 

2029 

3021 

7210 

dB 

dB 

dB 

Tone 

Duct 

SPL 

PWL 

OAPWL 

134.3 

142.9 

142.9 

140.8 

148.0 

148.1 

145.8 

151.9 

151.9 

,144.3 

148.7 

148.7 

140.3 

149.0 

149.0 

146.3 

153.5 

153.5 

145.3 

151.3 

151.3 

138.6 

142.8 

142.8 

140.8 

149.5 

149.5 

149.3 

156.6 

156.6 

149.3 

155.0 

155.0 

141.3 

145.6 

145.6 

150.8 

158.1 

158.1 

153.3 

159.0 

159.0 

144.3 

148.3 

148.3 

155.5 

161.2 

161.2 
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Table  C-3.  HLFT  IVA  1- Stage  Build  Turbine  Broadband  PWL’s 


110%  N//¥ 


Point 

2546 

2246 

1646 

Frequency,  (Hz) 

PWL,  dB 

PWL,  dB 

PWL,  dB 

1000 

154.2 

154.4 

146.2 

1250 

155.2 

155.4 

147.2 

1600 

156.2 

156.4 

148.2 

2000 

157.2 

157.4 

149.2 

2500 

158.2 

158.4 

150.2 

3150 

159.2 

159.4 

151.2 

4000 

160.2 

160.4 

152.2 

5000 

161.2 

161.4 

153.2 

6300 

162.2 

162.4 

155.2 

8000 

164.2 

164.4 

157.2 

10000 

168.2 

167.4 

160.2 

12500 

173.2 

170.4 

163.2 

16000 

180.2 

177.4 

167.2 

20000 

167.2 

168.4 

166.2 

Duct  OAPWL 

181.7 

179.5 

171.6 

Point 

2542 

100%  N/v^ 
2242 

1942 

1642 

Frequency,  (Hz) 

PWL,  dB 

PWL,  dB 

PWL,dB 

PWL,  dB 

1000 

157.4 

151.9 

149.5 

148.3 

1250 

158.4 

152.9 

150.5 

149.3 

1600 

159.4 

153.9 

151.5 

150.3 

2000 

160.4 

154.9 

152.5 

151.3 

2500 

161.4 

155.9 

153.5 

152.3 

3150 

162.4 

156.9 

154.5 

153.3 

4000 

163.4 

157.9 

155.5 

154.3 

5000 

164.4 

158.9 

156.5 

155.3 

6300 

165.4 

159.9 

157.5 

156.3 

8000 

166.4 

160.9 

159.5 

157.3 

10000 

168.4 

162.4 

163.5 

158.3 

12500 

172.4 

169.5 

170.5 

161.3 

16000 

173.4 

168.5 

167.5 

163.3 

20000 

169.4 

164.5 

165.5 

163.3 

Duct  OAPWL 

178.7 

174.1 

174.1 

169.4 

Table  C-3.  HLFT  IVA  1-Stage  Build  Turbine 
Broadband  PWL's.  (Concluded) 


Point 

2237 

90% 

1937 

1637 

Frequency,  (Hz) 

PWL,  dB 

PWL,  dB 

PWL,  dB 

1000 

153.8 

151.8 

148.4 

1250 

154.8 

152.8 

149.4 

1600 

155.8 

153.8 

150.4 

2000 

156.8 

154.8 

151.4 

2500 

157.8 

155.8 

152.4 

3150 

158.8 

156.8 

153.4 

4000 

159.8 

157.8 

154.4 

5000 

160.8 

158.8 

155.4 

6300 

161.8 

159.8 

156.4 

8000 

162.8 

160.8 

157.4 

10000 

168.8 

163.8 

158.4 

12500 

176.8 

170.8 

165.4 

16000 

169.8 

163.8 

163.4 

20000 

168.8 

166.8 

164.4 

Duct  OAPWL 

179.1 

174.3 

170.6 

Point 

2229 

70%  N/v¥ 
1929 

1629 

50%N/»¥ 

1621 

Frequency,  (Hz) 

PWL,  dB 

PWL,  dB 

PWL,  dB 

PWL,  db 

1000 

157.9 

155.8 

148.7 

154.0 

1250 

158.9 

156.8 

149.7 

155.0 

1600 

159,9 

157.8 

150.7 

156.0 

2000 

160.9 

158.8 

151.7 

157.0 

2500 

161.9 

159.8 

152.7 

158.0 

3150 

162.9 

160.8 

153.7 

159.0 

4000 

163.9 

161.8 

154.7 

160.0 

5000 

164.9 

162.8 

155.7 

161.0 

6300 

165.9 

163.8 

156.7 

162.0 

8000 

166.9 

164.8 

157.7 

163.0 

10000 

167.9 

169.8 

164.7 

163.0 

12500 

172.9 

167.8 

163.7 

166.0 

16000 

170.9 

167.8 

164.7 

166.0 

20000 

170.9 

169.8 

171.7 

165.0 

Duct  OAPWL 

178.5 

176.6 

174.1 

173.4 
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Table  C-4.  HLFT  IVA  3-Stage  Build  Turbine  Broadband  PWL's. 


110%  N/i/f 


Point 

5246 

4046 

3046 

2046 

Frequency,  (Hz) 

PWL,  dB 

PWL,  dB 

PWL,  dB 

PWL,  dJ 

1000 

139.0 

138.7 

150.0 

143.0 

1250 

140.0 

140.0 

141.0 

144.2 

1600 

141.0 

141.2 

142.2 

145.4 

2000 

142.0 

142.4 

143.3 

146.6 

2500 

143.0 

143.7 

144.4 

147.8 

3150 

144.1 

144.7 

145.5 

148.5 

4000 

145.3 

145.7 

146.7 

149.3 

5000 

146.8 

146.7 

147.8 

150.3 

6300 

148.5 

147.7 

149.5 

151.3 

8000 

151.0 

149.2 

151.0 

152.3 

10000 

153.0 

151.7 

153.0 

152.8 

12500 

155.0 

152.7 

154.5 

152.3 

16000 

154.0 

154.7 

155.5 

150.8 

20000 

150.0 

153.7 

151.0 

147.8 

Duct  OAPWL 

160.9 

160.7 

161.7 

161.1 

100%  N/»¥ 

Point 

5242 

4042 

3042 

2042 

Frequency,  (Hz) 

PWL,  dB 

PWL,  dB 

PWL.dB 

PWL,  c 

1000 

136.0 

135.6 

139.4 

140.6 

1250 

137.0 

136.8 

140.4 

141.7 

1600 

138.0 

138.1 

141.4 

142.9 

2000 

139.0 

139.5 

142.4 

144.0 

2500 

140.1 

140.8 

143.4 

145.4 

3150 

141.0 

142.4 

144.4 

146.6 

4000 

142.5 

143.3 

145.4 

147.4 

5000 

143.5 

144.8 

146.4 

148.3 

6300 

146.0 

145.6 

147.9 

148.6 

8000 

149.0 

147.6 

149.4 

149.1 

10000 

153.0 

151.6 

152.9 

150.1 

12500 

157.0 

153.6 

153.4 

148.1 

16000 

157.5 

154.1 

152.4 

148.6 

20000 

156.0 

154.6 

153.4 

147.6 

Duct  OAPWL 

162.7 

160.5 

160.6 

158.6 

Table  C-4.  HLFT  IVA  3-Stage  Build  Turbine 
Broadband  PWL's.  (Concluded) 


90%  N/*¥ 


Point 

5237 

4037 

3037 

2037 

Frequency,  (Hz) 

PWL,  dB 

PWL,  dB 

PWL,  dB 

PWL,  dB 

1000 

139.1 

137.7 

135.1 

135.7 

1250 

140.1 

138.7 

136.1 

136.7 

1600 

141.1 

139.7 

137.1 

137.7 

2000 

142.1 

140.7 

138.1 

138.7 

2500 

143.1 

141.7 

139.1 

139.7 

3150 

144.6 

142.7 

140.6 

140.7 

4000 

145.9 

143.7 

142.1 

141.7 

5000 

147.1 

144.7 

145.1 

143.2 

6300 

148.6 

146.7 

148.1 

144.7 

8000 

150.1 

150.7 

151.1 

146.7 

10000 

152.1 

155.7 

152.1 

147.7 

12500 

154.1 

157.7 

154.1 

150.7 

16000 

149.6 

153.7 

151.1 

148.7 

20000 

152.1 

153.7 

151.1 

148.7 

Duct  OAPV/L 

160.2 

162.4 

159.8 

156.8 

Point 

4029 

70%  N/*¥ 
3029 

2029 

Frequency,  (Hz) 

PWL,  dB 

PWL,  dB 

PWL,  dB 

1000 

137.7 

135.1 

131.4 

1250 

138.7 

136.1 

132.4 

1600 

138.7 

137.1 

133.4 

2000 

141.2 

138.6 

134.9 

2500 

142..7 

140.1 

135.9 

3150 

144.2 

143.1 

137.4 

4000 

146.7 

147.1 

138.9 

5000 

151.7 

150.6 

140.9 

6300 

155.7 

152.6 

144.4 

8000 

157.2 

155.1 

149.4 

10000 

159.7 

156.1 

151.4 

12500 

159.7 

155.1 

148.9 

16000 

159.7 

155.1 

149.4 

20000 

161.7 

160.1 

148.4 

Duct  OAPWL 


167.4 


164.5 


157.2 
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Table  D-1 


Interaction  Effects  - Parametric  Test  Data 

• 40  Ft.  (12.2m)  Arc 

a 40  Hz  Bandwidth 
a Tone  SPL's 

Configuration;  Short  Fan  Shroud 

V18  - 10  ft/sec  ( ^m/sec);  T18  ■ 494  °R  ( 274  °K) 

V8  - O^ft/sec  ( 0 m/sec);  T8  - 491  °R  ( 272  °K) 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

(degrees) 

3.15 

4.0 

5.0  6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

80.3 

89.4 

77.1 

73.5 

67.3 

69.9 

76 

64.9 

56.9 

50 

78.1 

37.5 

85 

79.9 

70.2 

72 

74.9 

67.2 

60.1 

60 

78.1 

88.8 

85 

73.7 

68.6 

78.7 

73.5 

67 

55.1 

70 

82 

87.9 

83.2 

74.2 

74.4 

70.3 

78.1 

67.4 

57.8 

80 

83 

90.2 

85 

73.1 

70.7 

77 

79.9 

65 

62.7 

90 

84.2 

88.7 

87.9 

77.2 

77.6 

74.5 

79.5 

69.9 

63 

100 

83.6 

89.3 

89.4 

82.1 

76 

80 

80 

74.2 

63.9 

no 

89 

90.3 

90.7 

82.3 

80.1 

84.7 

81.9 

73.6 

74.9 

120 

90.8 

93 

88.3 

79.4 

76.5 

77.5 

82.2 

74 

74.4 

130 

89.8 

93.6 

86 

82.8 

77.4 

77.1 

83.5 

76.5 

71.7 

140 

91 

92.2 

88.9 

81.5 

81.6 

74.6 

81 

76.9 

67.3 

150 

95.9 

89.1 

81.6 

87.1 

84 

81.2 

81 

77.9 

78 

160 

91.1 

88 

87.1 

87.1 

82.3 

88.9 

81.7 

77.4 

81.1 

pvn. 

130.1 

132.4 

129.2 

123.3 

120.4 

122.9  : 

L23.1 

116.7 

116.8 
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Table  D-1 

Interaction  Effects  - Parametric  Test  Data 

• 40  Ft.  (12.2m)  Arc 

a J-0  Hz  Bandwidth 
a Tone  SPL's 


(continued) 


Conf Igura t Ion : Short  Fan  Shroud 


V18  - 675  ft/sec  ( 206  m/sec);  T18 
V8  ■ ft/sec  ( 29  m/sec);  T8 


635  °R  ( 352  °K) 
570  °R  ( 316  °K) 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

1 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

(degrees) 

3.15 

in 

ma 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

85.8 

87.0 

77.2 

70.0 

71.5 

69.0 

69.6 

63.0 

59.3 

90 

84.7 

86.8 

84.0 

72.0 

73.2 

72.0 

71.6 

64.0 

61.8 

100 

88.4 

88.0 

86.0 

78.0 

77.0 

76.0 

74.8 

69.5 

(66.0) 

110 

90.0 

90.0 

87.4 

80.3 

82.3 

74.6 

79.0 

69.2 

65.0 

120 

90.2 

90.7 

90.0 

81.3 

79.0 

74.0 

79.9 

72.0 

64.8 

130 

87.3 

83.6 

86.0 

80.0 

83.8 

74.0 

72.2 

66.8 

63.9 

140 

80.0 

81.0 

78.0 

70.0 

67.4 

63.3 

62.2 

62.1 

55.8 

150 

160 

PUL 

L27.9 

128.3 

125.8  118.2 

119.5 

114.1  ] 

L16.3 

109.3 

105.4 

Table  D-1 

Interaction  Effects  - Parametric  Test  Data 

• 40  Ft.  (12.2m)  Arc 

• 10  Hz  Bandwidth 

• Tone  SPL's 


(continued) 


Configuration;  Short  Fan  Shroud 


V18  - 

705  ft/sec 

( 

215  m/sec) ; 

T18  - 

631  °R 

( 350  °K) 

V8  - 

L186  ft/sec 

( 

391  m/sec) ; 

T8  » 

1409  °R 

( 782  °K) 

Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd  Harmonic 

(degrees) 

3.15 

4. 

0 

5.0  6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

90 

84 

84 

79  77 

70 

69 

66 

70 

(64) 

100 

87 

86 

85  76 

73 

70 

73 

73 

(67) 

no 

91 

87 

89  82 

80 

75 

75 

72 

(68) 

120 

90 

87 

91  85 

85 

81 

79 

74 

65 

130 

84 

83 

85  77 

74 

72 

71 

67 

(60) 

140 

76 

73 

74  66 

64 

61 

(60) 

61 

(53) 

150 

73 

71 

70  65 

61 

60 

(58) 

60 

55 

160 

PWL 

127.1 

125 

126.2  120.2 

119 

115.7 

114. 4 

113 

107.7 
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Table  D-1 

Interaction  Effects  - Parametric  Test  Data  (continued) 

• 40  Ft.  (12.2m)  Arc 
o JJQ.HZ  Bandwidth 

• Tone  SPL's 

Configuration;  Short  Fan  Shroud 

V18  - 837  ft/sec  ( 255  m/sec) ; T18  - 635  °R  (352  °K) 

V8  «1200  ft/sec  ( 366  a/sec) ; T8  -1^06  °R  (781  *>K) 

I 

1 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

(degrees) 

3.15 

4.0 

'5 

.0  6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

90 

85 

84 

80 

76 

70 

(68) 

68 

71 

(64) 

100 

87 

87 

85 

77 

75 

70 

72 

74 

(68) 

no 

92 

86 

88 

84 

81 

73 

75 

73 

(68) 

120 

88 

87 

90 

86 

84 

75 

80 

72 

(67) 

130 

82 

82 

82 

75 

• 

72 

68 

69 

67 

(61) 

140 

(76) 

75 

72 

(68) 

(65) 

(61) 

(62) 

64 

(56) 

150 

(74) 

72 

69 

(66) 

(61) 

(60) 

(60) 

63 

(56) 

160 

71 

69 

69 

66 

(60) 

(58) 

(60) 

62 

(54) 

PVL 

127.2 

125 

125. 

3 121 

118.6 

111.9  : 

114.7 

113.2 

(110.5) 
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Table  D-1 

Interaction  Effects  - Parametric  Test  Data 

• 40  Ft.  (12.2m)  Arc 
o 10  Hz  Bandwidth 

• Tone  SPL's 


(continued) 


Configuration;  Short  Fan  Shroud 

V18  ■ 1018  ft/sec  ( 310  m/sec) ; T18  " 632  ( 351  °k) 

V8  ■ 1209  ft/sec  ( 368  m/sec) ; T8  » 1400  ( 777  °k) 


Angle  From 

Inlet 

(degrees) 

Tone  Frequency 

- KHz 

Fundamental 

2nd  Harmonic 

3rd  Harmonic 

3.15  4.0 

5.( 

1 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

(72) 

74 

73 

71 

(66) 

(65) 

(66) 

(65) 

(62) 

50 

(75) 

74 

74 

(70) 

(68) 

(67) 

(67) 

(66) 

(64) 

60 

(74) 

74 

74 

(70) 

(67) 

(67) 

(66) 

(65) 

(62) 

70 

76 

80 

74 

(70) 

(70) 

(67) 

(67) 

(66) 

(63) 

80 

(77) 

80 

75 

75 

(70) 

(68) 

(67) 

(67) 

(65) 

90 

82 

85 

77 

76 

(72) 

70 

(71) 

(70) 

(66) 

100 

84 

87 

84 

78 

75 

(70) 

74 

(72) 

(70) 

no 

87 

90 

86 

81 

81 

(72) 

76 

73 

(70) 

120 

85 

86 

89 

86 

83 

74 

80 

(72) 

(66) 

130 

(82) 

81 

(79) 

(75) 

(72) 

(70) 

(71) 

(69) 

(65) 

140 

(80) 

(79) 

(75) 

(73) 

(70) 

(67) 

(70) 

(66) 

(62) 

150 

(77) 

(75) 

(75) 

(70) 

(67) 

(65) 

(66) 

(64) 

(60) 

160 

(76) 

(74) 

(72) 

(70) 

(65) 

(62) 

(63) 

(63) 

(57) 

PWL 

123.7 

126 

124 

120.6 

118.5 

(111.6) 

(115.0) 

(112.9) 

(112) 

354 


Table  D-1 

Interaction  Effects  - Parametric  Test  Data  (continued) 

• 40  Ft.  (12.2m}  Arc 

• 10  Hz  Bandwidth 

• Tone  SPL's 

Configuration;  Short  Fan  Shroud 

VIS  - 556  ft/sec  ( 169  m/sec) ; T18  - 651  ( 361  °K) 

V8  - 806  ft/sec  ( 246  m/sec);  T8  -1422  °R  ( 790  °K) 


Angle  From 

Inlet 

(degrees) 

Tone  Frequency 

- KHz 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

3.15 

4.0 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

72 

75 

72.6 

64.7 

60.8 

61.5 

61.4 

61.9 

52.3 

50 

74 

72.8 

75.8 

68.5 

63.2 

62.3 

61.9 

63.2 

• 

55 

60 

76.1 

68.2 

72.5 

64.1 

63.1 

(59.1) 

61.4 

61.1 

52.7 

70 

72.5 

70.3 

78.7 

69 

63.8 

(62.3) 

65.7 

62.9 

55.2 

80 

70.2 

80.2 

78.7 

74.3 

66.6 

64.8 

64 

64.5 

58.1 

90 

80 

84.2 

81.9 

72 

71.3 

69 

72.1 

68.1 

60.9 

100 

87.1 

85.3 

88.2 

79 

78 

72.1 

77.1 

70 

65.1 

110 

89 

87 

89.6 

80.1 

84 

74.5 

81 

76 

70.8 

120 

90.7 

81.4 

90.9 

84.5 

89.1 

82.5 

84 

81.6 

76.2 

130 

84.2 

79.2 

88.2 

83.5 

83 

77.1 

80.4 

73 

66.2 

140 

76.8 

71.9 

75.1 

71 

64.9 

61.2 

62.5 

62.1 

55 

150 

65.3 

73 

70.5 

66.5 

62.5 

59.6 

61.3 

61.2 

57.1 

160 

74 

70.1 

73.7 

65.5 

60.2 

62.3 

58.9 

60.9 

56.7 

PWL 

126.2 

123.5 

127.5  122.2 

123.4 

118.2  120 

116.8 

112.6 

355 


Angle  From 

Inlet 

(degrees) 


Tone  Frequency 

- KHz 

Fundamental 

2nd  Harmonic  j 

3rd  Harmonic 

3.15  4.0 

5. 

0 

6.3 

8.0 

10. 0 

9.45 

12.0 

15.0 

69 

72 

72 

66 

64 

62 

62 

63 

54 

72 

67 

72 

69 

66 

62 

61 

63 

(54) 

73 

12 

75 

65 

65 

62 

63 

61 

55 

74 

69 

71 

72 

66 

65 

63 

65 

57 

75 

77 

80 

74 

68 

67 

65 

64 

57 

81 

82 

79 

75 

74 

69 

69 

70 

60 

85 

84 

84 

30 

80 

76 

72 

70 

65 

89 

84 

87 

85 

85 

81 

77 

76 

70 

88 

83.5 

89 

87 

86 

82 

81 

79 

73 

83 

1 

78 

85 

83 

77 

77 

75 

67 

65 

75 

70 

73 

71 

(61) 

62 

61 

60 

(52) 

69 

lU 

67 

71 

63 

60 

62 

61 

56 

6« 

72 

71 

65 

61 

61 

58 

62 

55 

• 

122.2 

124. 

) 

122.8 

121.8 

118.6 

116.3 

115.2 

110.5 

Table  D-1 


i 


Interaction  Effects  - Parametric  Test  Data  (continued) 

• 40  Ft.  (12. 2m)  Arc 

• 10  Hz  Bandwidth 

• Tone  SPL's 

Conf Igur a t Ion ; Short  Fan  Shroud 

V18  ° 780  ft/sec  ( 238  m/sec);  T18  - 632  °R  ( 351  °K) 

V8  - 800  ft/sec  ( 244  m/sec) ; T8  » 1418  °R  ( 787  °K) 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd  Harmonic 

(degrees) 

1 3.15  4.0 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

90 

82 

75 

82.8 

74 

75 

68.3 

69 

65 

59.8 

100 

84 

81 

82.0 

76 

79 

76.6 

70 

67 

64.0 

no 

88 

86 

82.3 

85 

85 

81.4 

75 

74 

67.6 

120 

89 

79 

81.9 

87 

85 

78.0 

80 

77 

69.5 

130 

80 

76 

79.8 

79 

75 

71.7 

70 

67 

60.2 

140 

74 

(70) 

71.7 

70 

(64) 

61.2 

63 

61 

(54.0) 

150 

70 

69 

68.0 

67 

62 

62.0 

(60) 

60 

(56.0) 

160 

69 

70 

- 

67 

64 

- 

(58) 

60 

- 

PWL 

124.8 

120.3 

122.2 

121.9 

121.4 

117 

114.8 

112.9 

107.9 

I 


Table  D-1 

Interaction  Effects  - Parametric  Test  Data 


(continued) 


• 40  Ft.  (12.2m)  Arc 
e 10  Hz  Bandwidth 

• Tone  SPL's 


Configuration: 


VIS  ■ 920  ft/sec  ( 280  m/sec) ; TIS  - 634  °R  ( 352  °K) 


_^ft/8ec  ( 251  m/sec);  T8  ■ 1396  \ ( 775  °K) 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

(degrees) 

3.15 

4.0 

5.0  6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

90 

84 

80 

79  74 

70 

(69) 

70 

(65) 

(60) 

100 

85 

84 

84  79 

76 

73 

71 

(66) 

(63) 

110 

90 

80 

87  85 

83 

77 

75 

73 

67 

120 

89 

82 

89  85 

84 

78 

79 

76 

70 

130 

79 

76 

82  77 

72 

69 

70 

(66) 

(62) 

140 

(77) 

75 

(72)  (71) 

(66) 

(64)  ( 

65) 

(64) 

(58) 

150 

(75) 

(74) 

72  70 

(65) 

(63)  ( 

64) 

(62) 

(57) 

160 

PWL 

126 

120.8 

124.4  121.2 

119.5 

114.8  114.6 

112.1 

109.7 

Table  D>1 


Interaction  Effects  - Parametric  Test  Data  (continued) 

0 40  Ft.  (12.2m)  Arc 

• 40  Hz  Bandwidth 

• Tone  SPL's 


Conflgurat Ion ; Short  Fan  Shroud 


V18 

22  ft/ 

sec  (_ 

7 m/sec) ; 

T18 

735  °R 

( 408 

°K) 

V8 

786  ft/ 

sec  ( 

240  m/sec); 

T8 

1401  °R 

( 778 

>) 

Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd  Harmonic 

(degrees) 

3.15 

4.0 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

77.7 

69.8 

72.5 

68.1 

60.1 

58.5 

58.7 

57 

54 

50 

78 

73.4 

77.6 

69 

61.6 

61.1 

63.1 

61.6 

54.9 

60 

76.1 

80.5 

72.1 

69.4 

60.3 

66.1 

63 

60.1 

54 

70 

74.1 

79 

78.9 

71.2 

64.1 

66.1 

74.4 

63 

55.3 

80 

73.8 

72.3 

66.8 

73.7 

62.8 

72 

65 

65 

57.1 

90 

79 

86.8 

81.3 

72.5 

68 

70.1 

70.8 

66.4 

60.2 

IOC 

87 

81.1 

79.2 

77.7 

76 

70.1 

75.9 

71.8 

63.9 

110 

91.5 

77.3 

80 

83.9 

82.1 

81.1 

82.3 

75.1 

68.1 

120 

92.2 

79.9 

84.9 

87.9 

85.1 

82.2 

85.2 

77.7 

75.7 

130 

86.8 

76.8 

87.9 

87.7 

80.8 

78 

82.5 

72.5 

74.1 

140 

83.6 

78 

82.9 

81.6 

73.9 

69.5 

72.5 

67.5 

64.3 

150 

76.9 

76.8 

76 

74.9 

70.7 

64.6 

67.4 

65 

63.3 

160 

72.9 

73.4 

73.5 

69.9 

64.7 

63 

61.1 

60.1 

57.3 

PWL 

127.8 

122.1 

123.2  123.8 

120.2 

118.4 

121 

114.3 

113.9 

1 

I 


Table  D-1 


(continued) 


Interaction  Effects  - Parametric  Test  Data 

• 40  Ft.  (12.2m)  Arc 

• 40  Hz  Bandwidth 
a Tone  SPL's 


Configuration;  Short  Fan  Shroud 


V18  - 346  ft/sec  ( 105  m/sec) ; T18  - 638  °R  ( 354  °K) 


V8 


520  ft/sec  ( 158  m/sec);  T8  ■ 1402  R ( 778  K) 


1 


Angle  From  Tone  Frequency  - KHz 

Inlet  Fundamental  2nd  Harmonic  3rd  Harmonic 

(degrees)  3.15  4.0  5.0  6.3  8.0  10.0  9.45  12.0  15.0 

40 

50 

60 

70 

80 


90 

80 

81 

81 

82.1 

72.1 

67.5 

63.6 

63.7 

56.8 

100 

84.9 

76.7 

77.3 

82.3 

80 

75.5 

68 

69.4 

58,.  8 

no 

88.8 

82.9 

77.5 

80.3 

78.9 

76.9 

67 

71.6 

66.6 

120 

90 

87 

81.8 

84.1 

82.1 

78 

75.1 

78.2 

66.9 

130 

86.2 

81.3 

83.7 

84.7 

78.6 

76 

76.5 

76.1 

64.7 

140 

78.9 

78.6 

83 

74.5 

66 

65.6 

66 

61.6 

56.1 

150 

72.6 

68 

75 

67.1 

62 

61 

61.8 

59.9 

55.9 

160 

74.5 

71 

73.7 

66.7 

63.5 

60.7 

61.1 

60.8 

57.1 

PWL 

125.7 

122.3 

121.2 

122.5 

118.5 

115.3 

111.8 

113.9 

111.7 

360 


J-Wrt*.  i. 


Table  D>1 

Interaction  Effects  - Parametric  Test  Data  (continued) 

• 40  Ft.  (12.2m)  Arc 

• 40  Hz  Bandwidth 

• Tone  SPL's 


Conf Igur a t Ion ; Short  Fan  Shroud 

VIS  - 428  ft/sec  ( 130  m/sec) ; T18  - 637  °R  ( 354  °K) 

V8  - 523  ft/sec  ( 159  m/sec) ; T8  - 1414  °R  ( 785  °K) 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

(degrees) 

3.15 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

73 

76.2 

73.9 

71.8 

61.1 

64.5 

56 

58.8 

56.1 

50 

78.5 

70.5 

69.8 

73.9 

69.7 

66.6 

60.5 

61.9 

54 

60 

72.3 

73.6 

72.6 

73 

68.8 

65.8 

62.8 

• 

62 

51.3 

70 

77.1 

76 

77.6 

76.8 

69 

69.4 

62.5 

60.6 

53.1 

80 

80 

76 

74.8 

77.9 

66.9 

65.2 

66.2 

63.8 

51.7 

90 

83.7 

80.9 

77.1 

83 

74.1 

71.9 

64.3 

62 

56 

100 

86.7 

77 

75.9 

82.1 

79 

78.5 

70 

69.5 

58.8 

no 

90.3 

82.1 

79.6 

84.9 

77.3 

74.4 

71.3 

69 

65.5 

120 

91.2 

86.3 

81.1 

84.7 

83 

77.2 

77.5 

78 

66.6 

130 

88.1 

80.9 

83.1 

85.1 

76.9 

78.7 

80 

76.8 

66 

140 

80.3 

78.5 

80.2 

76.5 

63 

64.7 

65.1 

62 

54.3 

ISO 

71.9 

67 

71.5 

69.1 

64.6 

65.1 

67.2 

61.8 

57 

160 

68.6 

68.8 

76 

67.5 

65.7 

63.7 

61.8 

59.9 

56.4 

PWL 

127.5 

121.8 

120.2  123.6 

118.6 

116.8 

115.1 

114.4 

112.5 

Table  D-1 


Interaction  Effects  - Parametric  Test  Data  (continued) 

• 40  Ft.  (12.2m)  Arc 
a 40  Hg  Bandwidth 

• Tone  SPL's 


Configuration;  Short  Fan  Shroud 

V18  - 500  ft/sec  ( 152  m/sec);  T18  ■ fi4l  °R  ( -tsfi  °K) 

V8  - 532  ft/sec  (162  m/sec);  T8  -1431  °R  ( 795  °K) 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd  Harmonic 

(degrees) 

3.15 

4.0 

5.0  6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

90 

81.8 

77.1 

76.1 

78.4 

72.5 

71.6 

62.1 

62.8 

55.8 

100 

86 

75 

81 

81.1 

80.3 

75.1 

71.1 

67.4 

60.2 

110 

89.3 

84 

85.2 

83 

78.6 

74.9 

74.8 

73.9 

66.1 

120 

90.5 

86.1 

87.1 

86.8 

83.8 

81.8 

79.6 

77.1 

69.6 

130 

86 

79 

85.4 

85.1 

80.8 

81.2 

80 

77.1 

65 

140 

60 

75.8 

77.1 

71.9 

65 

65.8 

64.3 

63.2 

55.8 

150 

67.2 

69.6 

73.1 

70.1 

64.9 

63.7 

64.2 

62.7 

58.2 

160 

70.6 

71.8 

78.6 

69.8 

62 

63.9 

60 

62.4 

55.8 

PWL 

126.6 

121.3 

123.3 

123.1 

119.9 

118.3 

L16.1 

114.5 

113.6 

I Table  D-1 

Interaction  Effects  - Parametric  Test  Data  (concluded) 

• 40  Ft.  (12.2m)  Arc 
• 40  Hz  Bandwidth 
• Tone  SPL ' s 


Configuration:  Short  Fan  Shroud 

Vlfc  - 559  ft/sec  ( 170  m/sec);  T18  - 634  °R  ( 352  °K) 
V8  ■ 536  ft/sec  ( 163  m/sec) ; T8  «1422  °r  ( 790  °k) 


Angle  From 

Inlet 

(degrees) 

Tone  Frequency 

- KHz 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

3. 

15 

4.0 

5.0 

6.3 

8.0 

10.0 

9. 

45 

12.0 

15.0 

40 

71. 

5 

73.1 

70.8 

72.5 

61.3 

60.3 

57. 

2 

56.8 

54.1 

50 

72. 

2 

75.1 

69.5 

72.8 

64.9 

62.2 

60. 

2 

58 

54.6 

60 

72. 

7 

78.1 

73.7 

67.1 

66.4 

61.3 

61. 

9 

56.7 

53 

70 

77 

74.8 

73.8 

74 

67 

65.6 

64 

58.7 

54.8 

80 

75. 

4 

70 

79.2 

78.6 

65.8 

66.6 

64. 

9 

58.1 

54.9 

90 

81. 

1 

78.7 

76.7 

78.1 

69.3 

63.3 

65 

63.1 

57.2 

100 

83. 

7 

84.1 

77.3 

79 

75.6 

71.6 

68. 

6 

68 

58.4 

no 

88 

87.5 

84 

81 

76.4 

71.8 

73. 

2 

72.1 

65.1 

120 

88. 

8 

84.6 

84.5 

84.8 

80.6 

78.7 

78. 

4 

76 

65 

130 

83. 

1 

77.5 

84.8 

82.4 

76.1 

78.2 

78. 

2 

71.1 

(58) 

140 

75. 

1 

70,6 

71.3 

68.9 

62.8 

(60.8) 

61. 

3 

60 

60 

ISO 

65. 

2 

69.7 

67.3 

66.3 

60 

61.2 

63. 

9 

59 

61.1 

160 

69. 

3 

69.2 

72 

65 

61 

60 

59. 

2 

60.1 

57.7 

PVL 

124. 

7 

123.1 

122  121.4 

116.4 

115.2 

114. 

9 

112.3 

111.3 

Table  D-2 

Interaction  Effects  - Exhaust  Plane  Variation  Test  Data 

• 40  Ft.  (12.2m)  Arc 

• 10  Hz  Bandwidth 

• Tone  SPL's 


ConflRuratlon;  Long  Fan  Shroud 

V18  ■ 686  ft/sec  ( 209  m/sec) 
V8  ■ 810  ft/sec  ( 247  m/sec) 


T18  - 639  °R  ( 355  °K) 


- 1378  °R  ( 765  °K) 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd  Harmonic 

(degrees) 

3.15 

4.0 

5.0 

6.3 

8.0 

10. 0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

75.0 

80.0 

73.6 

72.7 

68.6 

62.4 

63.2 

60.3 

57.7 

90 

79.2 

84.7 

79.0 

77.5 

69.2 

68.3 

67.8 

65.0 

62.0 

100 

79.6 

88.5 

82.4 

80.4 

74.1 

72.0 

71.9 

68.4 

67.7 

110 

79.3 

90.0 

89.7 

85.0 

79.5 

77.0 

77.3 

71.0 

69.0 

120 

75.0 

88.0 

90.1 

86.9 

84.0 

83.8 

84.6 

77.3 

71.3 

130 

78.3 

80.0 

82.0 

74.0 

74.0 

72.5 

73.8 

62.5 

59.6 

140 

72.2 

74.5 

71.8 

68.0 

66.0 

(63.0) 

(64.5) 

(62.0) 

(62.2) 

150 

160 

PWL 

117.9 

126.3 

125.2 

121.9 

118.0 

117.2 

117.9 

111.7 

108.4 

Table  D-4 


* Interaction  Effects  - Exhaust  Plane  Variation  Test  Data 

. • 40  Ft.  (12. 2m)  Arc 

• 10  Hz  Bandwidth 

• Tone  SPL's 


Conf Igura  t ion ; Extended  Fan  Shroud 

V18  - 680  ft/sec  ( 207  m/sec) ; T18  - 643  °R  ( °K) 

V8  - 794  ft/sec  ( 242  m/sec);  T8  = 940  °R  ( 522  °K) 


Angle  From 

Inlet 

(degrees) 

Tone  Frequency 

- KHz 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

3.15 

4.0 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

76.0 

72.0 

72.0 

71.0 

68.0 

57.0 

64.0 

56.0 

55.0 

50 

74.0 

75.0 

72.0 

71.0 

67.0 

58.0 

66.0 

58.0 

54.0 

60 

80.0 

74.0 

72.0 

73.0 

71.0 

57.0 

64.0 

56.0 

52.0 

70 

77.0 

75.0 

77.0 

77.0 

71.0 

60.0 

69.0 

62.0 

55.0 

80 

80.0 

76.0 

77.0 

82.0 

76.0 

66.0 

75.0 

67.0 

65.0 

90 

80.0 

82.0 

79.0 

85.0 

80.0 

74.0 

79.0 

75.0 

70.0 

100 

81.0 

84.0 

82.0 

85.0 

78.0 

75.0 

80.0 

72.0 

66.0 

110 

76,0 

86.0 

85.0 

76.0 

!0.0 

67.0 

68.0 

69.0 

65.0 

120 

75.0 

86.0 

87.0 

81.0 

55.0 

75.0 

71.0 

71.0 

70.0 

130 

81.0 

88.0 

81.0 

77.0 

80.0 

69.0 

70.0 

69.0 

64.0 

140 

76.0 

82.0 

79.0 

73.0 

75.0 

63.0 

66.0 

61.0 

58.0 

150 

76.0 

78.0 

76.0 

70.0 

71.0 

64.0 

66.0 

59.0 

57.0 

160 

70.0 

75.0 

70.0 

67.0 

66.0 

60.0 

62.0 

59.0 

57.0 

pvn. 

120.3 

124.8 

123.2  122.7 

121.3 

113.5 

117.3 

366 


Table  D-  5 

Interaction  Effects  - Turbulence  Effects  Test  Data 

• 40  Ft.  (12.2m)  Arc 

• 5 Hz  Bandwidth 

• Tone  SPL's 


ConflRuratlon;  Fan  Cowl  Vortex  Ring 

V18  - 550  ft/sec  ( 168  m/sec) ; T18  ° 632  °R  (351__°K) 

V8  ■ 778  ft/sec  ( 237  m/sec);  T8  - 1394  °R  ( 774  °K) 


Angle  From 

■ 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

(degrees) 

3.15 

4.0 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0  15.0 

40 

50 

60 

70 

80 

90 

77.0 

80.3 

78.3 

69.2 

67.7 

66.6 

65.6 

100 

80.0 

83.7 

80.8 

75.7 

74.0 

68.4 

69.0 

110 

85.7 

82.7 

85.0 

81.5 

80.4 

73.7 

70.8 

120 

86.0 

83.3 

86.6 

84.0 

83.3 

77.0 

77.5 

130 

79.8 

77.7 

82.4 

78.7 

76.9 

70.4 

70.9 

140 

150 

160 

71.0 

70.4 

71.3 

65.0 

63.0 

59.0 

(57.0) 

i 


!•' 
i , 

I 

I i 


1-^ 

iiJ 


I- 

i 

1 


PWL 


121.8  121.4  122.7  119.0  117.9  112.3  112.0 


Table  D-  5 


Interaction  Effects  - Turbulence  Effects  Test  Data  (continued) 

• AO  Ft.  (12.2m)  Arc 

• 10  Hz  Bandwidth 

• Tone  SPL's 

Configuration; Fan  Ctwl  Vortex  Ring 

V18  - 685  ft/sec  ( 209  m/sec) ; T18  - 648  °R  ( 360  °K) 

V8  - 805  ft/sec  ( 2A5  m/sec);  T8  - 1A08  °R  { ;82_°K) 


Angle  From 

Inlet 

(degrees) 

Tone  Frequency 

- KHz 

Fundamental 

2nd  Harmonic 

3rd  Harmonic 

3.15 

4.0 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

72.0 

72.7 

69.3 

67.0 

64.4 

54.0 

58.0 

56.0 

53.0 

50 

71.0 

71.5 

72.7 

67.0 

70.0 

58.8 

60.5 

58.0 

55.0 

60 

70.5 

69.3 

71.5 

66.6 

65.0 

58.2 

60.1 

60.0 

57.0 

70 

71.7 

73.4 

74.6 

70.0 

65.0 

59.3 

61.0 

62.0 

59.0 

80 

74.0 

76.0 

74.5 

72.3 

77.0 

66.7 

66.1 

64.0 

(61.0) 

90 

76.3 

81.0 

78.5 

74.1 

79.2 

71.6 

(70.0) 

(69.0) 

(68.0) 

100 

81.4 

86.4 

84.5 

79.0 

81.5 

73.8 

73.6 

71.3 

(68.0) 

no 

84.7 

84.0 

86.0 

85.0 

86.2 

79.0 

76.2 

76.0 

68.0 

120 

85.0 

82.2 

87.0 

84.6 

86.0 

81.0 

79.0 

76.7 

69.7 

130 

77.0 

77.8 

84.3 

77.0 

76.6 

73.0 

70.7 

67.8 

(65.0) 

140 

73.7 

72.0 

71.7 

67.6 

72.0 

62.5 

62.0 

62.5 

59.8 

150 

68.0 

70.5 

70.4 

62.0 

59.7 

55.0 

58.4 

60.5 

57.8 

160 

66.0 

70.6 

69.0 

65.5 

55.0 

52.5 

56.0 

58.5 

55.8 

PWL 

121.0 

122.2 

123.5  120-.7 

122.6 

116.4 

114.4 

113.3 

108.8 
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Table  D-  5 

Interaction  Effects  - Turbulence  Effects  Test  Data  (concluded) 

• AO  Ft.  (12.2in)  Arc 

• 5 Hz  Bandwidth 

• Tone  SPL's 


Configuration; Fan  Cowl  Vortex  Ring 


V18  - 795  ft/sec  ( 242  m/sec) ; T18  - 639  °R  ( 355  °K) 

V8  - 800  ft/sec  ( 244  m/sec);  T8  - 1396  ( 775  °K) 


Angle  From 

Inlet 

(degrees) 


Fundamental 


Tone  Frequency  - KHz 


2nd  Harmonic 


5.0  I 6.3  8.0  10. 0 I 9.45  12.0  15.0 


3rd  Harmonic 


AD-A048  590 


UNCLASSIFIED 


GENERAL  ELECTRIC  CO  CINCINNATI  OHIO  AIRCRAFT  ENGINE  GROUP  F/G  20/1 
GE  CORE  ENGINE  NOISE  INVESTIGATION  - LOW  EMISSION  ENGINES. (U) 

FEB  77  R K MATTA*  G T SANDUSKY.  V L DOYLE  D0T-FA75WA-3688 

FAA/RD-77/4  NL 


5'V5 


2 -78 


1 


Table  D-6 

Interaction  Effects  - Turbulence  Effects  Test  Data 
a 40  Ft.  (12.2m)  Arc 

• in  Hs  Bandwidth 

• Tone  SPL's 

Conf Igur a t Ion ; Core  Cowl  Vortex  Ring 

V18  - 571  ft/sec  ( 174  m/sec) ; T18  - 651  °R  ( 361  °K) 

V8  - 790  ft/sec  ( 241  m/sec) ; T8  « 1402  °R  ( 778  °K) 


Angle  From 

Tone  Frequency 

- KHz 

Inlet 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

(degrees) 

3.15 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

77.0 

78.4 

77.5 

69.5 

69.7 

68.0 

68.0 

66.0 

(59.0) 

90 

79.4 

74.0 

77.0 

71.5 

70.6 

71.0 

69.0 

69.3 

64.0 

100 

82.5 

80.0 

82.0 

75.0 

76.0 

74.0 

72.0 

70.3 

(68.0) 

110 

86.0 

81.0 

87.5 

84.0 

80.4 

75.0 

73.7 

71.0 

66.0 

120 

86.0 

80.3 

90.0 

83.0 

82.5 

79.4 

78.4 

75.0 

66.0 

130 

79.0 

79.0 

83.0 

78.0 

73.6 

70.0 

70.0 

(69.5) 

(67.0) 

140 

72.5 

70.0 

71.5 

65.0 

62.0 

61.0 

(60.3) 

65.0 

58.0 

150 

160 

PWL 

122.5 

119.1 

124.7  119.4 

117.6 

114.6  113.5 

111.8 

107  T 

1 
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Table  D-6 

Interaction  Effects  - Turbulence  Effects  Test  Data  (continued) 

• 40  Ft.  (12.2m)  Arc 

# JlSlHz  Bandwidth 
a Tone  SPL's 

Conf Igura t ion ; Core  Cowl  Vortex  Ring 

V18  ■ 683  ft/sec  ( 208  m/aec) ; T18  ■ 649  °R  ( 360  °K) 

V8  - 785  ft/sec  ( 239  m/aec) ; T8  - 1394  °R  ( 774  °K) 


Angle  From 

Inlet 

(degrees) 

Tone  Frequency 

- KHz 

Fundamental 

2nd  Harmonic 

3rd 

Harmonic 

3.15 

m 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

73.5 

77.0 

74.0 

68.0 

64.0 

62.7 

64.5 

61.6 

54.4 

50 

76.0 

75.0 

74.0 

68.0 

66.5 

65.0 

64.5 

61.6 

56.4 

60 

73.0 

75.0 

75.0 

68.0 

65.5 

64.0 

64.5 

63.6 

58.4 

70 

78.0 

79.0 

75.0 

69.0 

68.0 

66.0 

66.0 

65.6 

60.4 

80 

(80.0) 

78.5 

77.7 

74.2 

(70.0) 

70.0 

(68.4) 

(67.6) 

(62.4) 

90 

82.1 

79.0 

78.3 

73.6 

73.0 

72.0 

(70.3) 

(68.5) 

(64.0) 

100 

84.0 

82.0 

83.0 

76.3 

75.0 

73.8 

73.8 

69.8 

(65.0) 

no 

89.0 

83.0 

87.3 

82.0 

79.9 

73.8 

74.2 

70.3 

(66.0) 

120 

89.8 

82.0 

89.0 

85.5 

84.0 

74.5 

76.0 

71.0 

(67.0) 

130 

(82.4) 

80.0 

84.0 

75.5 

74.5 

72.0 

(69.0) 

68.3 

(64.0) 

140 

(76.0) 

75.0 

83.7  (67.0) 

65.5 

63.8 

(63.0) 

64.0 

59.0 

150 

71.0 

70.5 

72.0 

64.0 

66.0 

63.0 

60.0 

61.0 

57.0 

160 

71.0 

70.3 

68.0 

64.0 

62.0 

60.0 

58.8 

60.0 

56.0 

PWL 

125.4 

121.3 

124.7  119.9 

118.4 

113.3 

113.2 

110.5 

106.7 
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Table  D-6 
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Interaction  Effects  - Turbulence  Effects  Test  Data  (concluded) 
e 40  Ft.  (12.2a)  Arc 
e l^Hs  Bandwidth 
e Tone  SPL*s 


Conf Igurat ion i Core  Cowl  Vortex  Ring 

V!8  - 806  ft/sec  ( 246  a/sec) ; T18  - 696  ( 386  **K) 

V8  ■ 795  ft/sec  ( 242  a/sec) ; T8  - 1416  °R  ( 786  °K) 


Angle  From 

Inlet 

(degrees) 

Tone  Frequency 

- KHz 

Fundamental 

2nd  Harmonic 

3rd  Harmonic 

3.15 

4.0 

5.0 

6.3 

8.0 

10.0 

9.45 

12.0 

15.0 

40 

50 

60 

70 

80 

90 

(82.0) 

81.0 

(78.0) (74.0) 

(72.3) 

(70.5) 

(70.0) 

(70.0) 

(65.0) 

loo 

85.0 

88.0 

83.0  (75.0) 

(73.0) 

(71.0) 

(70.6) 

(68.0) 

67.0 

no 

88.0 

87.8 

86.4 

78.7 

76.2 

70.3 

(71.7) 

(69.0) 

(67.0) 

120 

87.8 

82.6 

86.0 

79.8 

77.0 

70.6 

(72.0) 

(69.0) 

(67.0) 

130 

(84.0) 

81.8 

77.0  (75.0) 

(73.6) 

69.5 

(70.0) 

(70.0) 

(65.0) 

140 

(80.0) 

88.0 

77.0  (70.0) 

(67.5) 

66.0 

(65.0) 

65.8 

(60.0) 

150 

76.0 

84.0 

74.0 

67.0 

65.5 

67.0 

63.0 

63.8 

59.0 

160 

75.0 

83.0 

74.0 

67.0 

65.0 

65.0 

62.0 

62.8 

58.0 

FVL 

125.2 

126.0 

123.4  116.8 

114.8 

110.8 

111.6 

110.2 

107.9 
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